Modification of non-metallic inclusions to improve the fatigue properties of nitriding steels by Zhou, Haipo
MODIFICATION OF NON-METALLIC 
INCLUSIONS TO IMPROVE THE FATIGUE 
PROPERTIES OF NITRIDING STEELS 
A thesis 
submitted in fulfilment 
of the requirements for the degree 
of 
Master of Engineering (Mechanical) 
in the 
University of Canterbury 
by 
HAIPO ZHOU 
Department of Mechanical Engineering 
University of Canterbury 
October 1993 
E,.,GINEERING 
liBRARY 
TF1ES1S 
ABSTRACT 
Nitriding processes are widely used to improve the fatigue properties of steel. 
Fatigue failures in nitriding steels initiate from sub-surface non-metallic inclusions, 
which are usually oxide inclusions. It is known that duplex oxysulphide inclusions 
are less harmful to the fatigue properties of steel than oxide inclusions alone, 
since the sulphide outer phase acts as a buffer to the oxide in the core, and thus 
reduces the fatigue-initiating stress influence of oxide inclusions. 
Twelve nitriding steel melts were produced, and non-metallic inclusions, 
modified by adding CaSi cored wire, were investigated. Since calcium has a high 
vapour pressure and a low solubility in molten steel, it is difficult to effectively 
modify non-metallic inclusions by the addition of CaSi cored wire in small 
furnaces. However, it was found that the addition of CaSi cored wire at a lower 
temperature was favourable to higher calcium injection yield in a small furnace, 
and it was also observed that the reaction with liquid steel was less violent, 
resulting in the effective modification of non-metallic inclusions. 
AnalYSis by a scanning electron microscope with energy dispersive X-ray 
technique showed a proportion of duplex oxysulphide inclusions formed in ingots 
from 11 A, with the remainder being predominantly globular calcium aluminate 
inclusions. 
Specimens for direct stress fatigue testing were produced from steels 
containing both modified and unmodified inclusions, and the fatigue properties 
were compared. 
It was found that calcium aluminate inclusions had a more deleterious effect 
on the fatigue properties of steel than alumina inclusions. In calcium modified 
steels, at lifetimes of more than 5x105 cycles, fatigue cracks always initiated from 
calcium aluminate inclusions, which were partly or completely debonded from the 
matrix. The fatigue properties of the calcium modified steel was found to be 
inferior to those of the unmodified steel. 
No duplex oxysulphide inclusions were found among those inclusions which 
produced fatigue crack initiations, and this indicated that when they were present 
calcium aluminate inclusions governed the fatigue properties of steel whether or 
not duplex oxysulphide inclusions were present in the steel. 
It is inferred that the fatigue properties of steel can be improved if all large 
calcium aluminate inclusions are modified to duplex oxysulphide inclusions. 
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CHAPTER 1 
Introduction 
Nitriding is a process for case hardening of an alloy steel in an atmosphere 
consisting of a mixture of ammonia gas and dissociated ammonia in a specific 
ratio. The absorption of nitrogen by steel when the latter is heated in a medium 
which supplies the gas in the nascent or monatomic form has been known for 
many years. About 1921 Fry[1] reported on an extensive investigation into the 
nitriding of plain carbon and alloy steels based on previous works and 
determined the nitriding treatment temperature range in which nitriding brittle 
layers can be avoided. Fry[2] also showed that by the addition of certain alloying 
elements, such as aluminium, chromium and manganese, the surface hardness 
can be increased considerably without introducing brittleness. Since the original 
work of Fry the industrial development of the nitriding process and steel suitable 
for nitriding has been rapid. 
Nitrided steels have high surface hardness, increased wear resistance and 
anti-galling properties, improved fatigue strength and corrosion resistance, and 
have a good high temperature performance. Therefore this surface hardening 
treatment can extend the uses of some steels and some steel products due to 
the suitable combination of high surface hardness and tough supporting core. 
Nitriding, therefore, is currently an important surface hardening method, which is 
in widespread use in industry. 
One of the advantages of nitriding is to improve the fatigue resistance of 
nitrided components. It is known that the fatigue strength of steel is improved in 
two ways by nitriding. First, the material of the case may, because of its high 
hardness and different composition produced by the nitriding, develop a higher 
fatigue resistance than that of the core. Second the change of case volume is 
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different from that of the core, due to precipitation of very small particles of alloy 
nitride in the surface layers during nitriding. This results in residual compressive 
stresses in the surface layers after nitriding, and this greatly improves the fatigue 
strength of the steel. 
During bending the residual compressive stress in the case counters the 
applied tensile stress acting at the surface(the most vulnerable area), thus the 
tendency to fatigue-failure initiated in the surface layer decreases greatly. But in 
contrast with the surface situation, the core stress state is more severe due to the 
existence of core residual tensile stresses cause by nitriding. 
Some studies[3][4] showed that, in axial fatigue tests corresponding to long 
lives, nitrided specimens always failed by nucleation of fatigue cracks in the 
specimen core and that at lives > 104 cycles, fatigue failure is controlled by 
cracks which propagate from non-metallic subsurface inclusions within the 
specimen core. This indicates that the fatigue strength after suitable nitriding 
would be expected to depend principally on the core properties and core stress 
conditions. Since non-metallic inclusions originating from the steelmaking process 
have an associated residual stress field, it is very important to control and modify 
these inclusions in nitriding steels. 
Non-metallic inclusions in steel are often detrimental to the mechanical 
properties of steel, and the fatigue properties of materials are intimately linked to 
the presence of inclusions[33]. Since it is impossible to produce steel without 
non-metallic inclusions (due to the metallurgical steelmaking practice), it is 
essential, in modern steelmaking practice, to reduce the number and size of non-
metallic inclusions as far as possible. They should be modified and controlled in 
shape and distribution in order to reduce their detrimental effect on the fatigue 
properties of the steel. 
The method often employed in current steelmaking practice is to add elements 
and compounds which have the ability to modify the inclusions, and to control 
their shape and distribution in the liquid steel. Calcium is often adopted as the 
modifier in modern steelmaking practice because of its very strong affinity for 
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both oxygen and sulphur. 
Many works [3,4,6,10,11] show that oxide inclusions, especially AI20 3 and Si02, 
are very harmful to the fatigue properties of steel. Fatigue cracks often initiate at 
the larger oxide inclusions, since most of them are very hard, non-deformable 
and of lower thermal expansion coefficient than the steel matrix. In addition, even 
though sulphides, the most common being MnS, are relatively less harmful to 
fatigue strength, they decrease the mechanical properties in the through-
thickness direction. Therefore the existence of both types of inclusions is 
detrimental to steel properties. 
Some works[5,7,8,9] concerning the role of calcium in the production of 
inclusion-controlled steel show that both types of inclusions can be modified by 
calcium addition to form duplex oxysulphide inclusions. That is, the calcium 
aluminate or calcium aluminium silicate, which is harder and of lower thermal 
expansion coefficient, is enveloped by the (Ca.Mn)S, or CaS phase, which has 
a higher thermal expansion coefficient. These duplex inclusions are probably less 
harmful, or even harmless to fatigue properties in steel. 
The influence of non-metallic inclusions on the fatigue properties of steel has 
been studied for a long time. At present, it is still not possible to give a full 
theoretical treatment of the subject, because the influence of inclusions on fatigue 
failure is very complex. One difficulty when discussing the influence of inclusions 
on fatigue is that the fatigue life of a material is a statistical concept, which has 
to be defined in a manner consistent with the wide dispersion generally observed 
in the fatigue life of individual test pieces. For the above reasons some 
experimental results are conflicting. 
The aims of this thesis are as follows: 
(1) To investigate how to desulphurize and modify non-metallic inclusions by 
adding calcium, and to analyze the factors which influence calcium-retention and 
the transformation of non-metallic inclusions in liquid steel. 
{2} To produce a nitriding steel in which the non-metallic inclusions have been 
modified by adding calcium; 
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(3) To compare the fatigue properties of nitrided steels containing modified 
and unmodified non-metallic inclusions; and to determine experimentally whether 
the fatigue strength of nitrided steel can be further improved when non-metallic 
inclusions are modified to duplex oxysulphide inclusions. 
(4) To analyze the reasons for fatigue crack initiation, and the role of non-
metallic inclusions in fatigue failure, in both of types of nitrided steels. 
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2.1 General 
CHAPTER 2 
Kinetics of Formation and Elimination of 
Non-metallic Inclusions in Uquid Steel 
The deoxidation reaction in molten steel is one of the most important in 
steelmaking and is directly related to the number, size and distribution of non· 
metallic inclusions in commercial steels[32,36]. 
Deoxidation comprises both the lowering of oxygen activity in the liquid steel 
and the decrease of the total oxygen content of the steel. The most common 
method of achieving this in modern steelmaking is to add some element having 
great affinity for oxygen into the liquid steel. Because deoxidizers react with 
oxygen to precipitate deoxidation products in the melt, a small amount of reaction 
product may remain as non·metallic inclusions in the steel, although most of them 
are removed in the slag. 
Many studies[34,35,37,38,39,40,41 ,44,46,47,50,51] summarize the kinetics of 
molten·steel·deoxidation, and investigate the mechanism of the formation, growth 
and elimination of deoxidation products. They also try to ascertain which 
mechanism most determines the deoxidation rate in order to obtain clean steel, 
and to distribute the remaining non-metallic inclusions as evenly as possible. 
According to work by Turkdogan[37,51] there are three consecutive steps 
involved in the deoxidation reaction. These are nucleation, growth and flotation 
or elimination of oxides in liquid steel. 
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2.2 Formation of Critical Nuclei in the Deoxidation Products in 
Liquid Steel. 
Most researchers[37,38,39,50] assume that deoxidizers dissolve uniformly in 
the liquid metal when they are added and some works [ 41,50] also show that the 
dissolved oxygen content decreases very sharply, within 0.5w 1 min after the 
addition of silicon and aluminium elements. This means that deoxidizers dissolve 
very quickly after addition. However Turkdogan suggested [37] that uneven mixing 
of added deoxidizers in liquid steel is not an uncommon occurrence, and cites 
aluminium with which the formation of an impervious oxide layer surrounding the 
undissolved droplets may lead to inefficient deoxidation. 
The critical radius of the nucleus is very important in the study of the kinetics 
of deoxidation of steel [38] [41], because only spherical nuclei having a radius 
equal to, or larger than the critical radius can be stable and grow in the liquid 
steel. In the classical nucleation theory [27] , the work to form a spherical nuclei 
is 
(2w1) 
where a is the interfacial tension between the matrix and the new phase; r is the 
particle radius, 4 G is the difference in Gibbs free energy between the matrix and 
the new phase in massive form, and v is the molar volume of the new phase. 
The critical radius r* is derived by differentiating Eq.2w1 and putting the 
differential equal to zero 
aU) /ar=81fr*a + 41fr*2{4G/v ) =0 
The critical radius r * is then given by 
r* =w{2av )/(4G) = (2aM)/[pRT'ln(c/cS)] 
where p: density of oxide. 
M: molecular weight of oxide. 
T: absolute temperature. 
c/cs : degree of supersaturation. 
(2w2) 
(2-3) 
Then the minimum work required to form the critical nuclei homogeneously from 
the melt is 
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(a) * = (167Ta3v2)/3(AG)2 
= (167Ta3M2)/ {3p2-R~2[ln(c/c*)]2} (2-4) 
The rate of homogeneous nucleation may be approximately estimated as 
follows[43]: 
I = A e"AG*hOm/kT 
o (2-5) 
where Aa is a constant and AG*hom (= (a) *) is the activation energy required for the 
formation of nuclei at the rate I, nuclei/cm3·s. 
Turpin and Elliott [38] estimated approximately the rate of homogeneous 
nucleation using the above formula, and show "I" varies extremely rapidly with 
supersaturation, so that it may be considered to be discontinuous with 
temperature. Some works[41,50] show that nucleation appears to occur within 
a very short time and nucleation rates are so large that this step could not be a 
rate-determining one for deoxidation. 
Turpin and Elliot[38] suggested that because of the very high energy barrier 
which must be overcome for homogeneous nucleation, and because of the high 
probability of the presence of particles in the liquid steel that can serve as 
substrate for the formation of the new phase, heterogeneous nucleation is the 
more likely occurrence. Send a reported [44], that when deoxidant is added to the 
molten steel, only an oxide dissolved as a monomolecule was produced, unable 
to grow into oxide particles. Oxide particles only form at the surface of the 
crucible when dissolved monomolecular oxides diffuse to the boundary between 
the melt and the crucible. According to Koojima et al [45] heterogeneous 
nucleation occurs when weak deoxidizers, such as Cr and Mn, are added into the 
molten steel. 
2.3 Growth of Oxide Inclusions in Liquid Steel 
When oxide nuclei equal to or larger than the critical size exist in the liquid 
steel, growth follows. It is very important to know whether these nuclei can grow 
or not, and how long they need for growth. Although the growth mechanism is 
not as yet clear, some models have been established. 
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Figure 2.1 Percentage of oxygen to be removed as a function of 
time for (a): Z= 103/cm3 or ro=6.2x10·2cm, (b): Z 
106 I cm3 or r 0 = 6.2x 1 0-3cm (particles are considered 
to be stationary in the melt). 4 [%0] is difference 
between initial and final equilibrium oxygen contents, 
e.g. 4 [%0] = [%O]O-[%O]i 
2.3.1 Growth by Diffusion 
The rapid growth of nuclei to inclusion size has been described by diffusion 
models [37,39,40,41 ] 
The mechanism of growth according to Turkdogan [37], is the diffusion of 
reactants to the surface of the inclusions. He assumed that when deoxidizers are 
added, they are quickly and homogeneously dissolved in the liquid steel, and a 
state of equilibrium is reached at the interface between inclusions and the liquid 
iron. This interfacial equilibrium will be taken to be that ultimately reached 
between bulk liquid metal, and the deoxidation products. He also assumed that 
there are a fixed number of growing inclusions in liquid steel, each inclusion 
having its own spherical diffusion zone, which is tangential to adjacent spherical 
diffusion zones. Thus the extent of deoxidation, as a function of time, is 
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dependent on the number of nuclei, Z, assumed to be present in a unit volume 
of the liquid at the start of the reaction; (or the radius roof the spherical diffusion 
zone) and the difference between the initial and final equilibrium oxygen 
concentrations, i.e. ~ [%0]. The results of computations based on these 
assumptions are given in figure 2.1 [37]. Collins et al and Kahlweit[28,29] showed 
that the number of nuclei formed apparently spontaneously in supersaturated 
solutions, Z, is within the range 105-106/cm3 in aqueous solutions. 
2.3.2 Coalescence by Brownian Movement 
Brownian movement, is very important to coalesce very fine, colloidal particles 
and some models for growth by Brownian movement collision have been 
established [40,41 ,51]. It is assumed that the particles are too small to float out 
of the melt, and initially there are a certain number of nuclei with a uniform size 
in the melt. 
Sano et al[41] calculated that, after 100 sec, silica particles can grow to 0.5/-Lm 
according to theory of Brownian movement. However this is Significantly different 
from the size of the particles, actually observed this being 30/-Lm. It probably 
means that the growth of particles in the molten steel is not dominated by this 
mechanism of growth. 
2.3.3 Coagulating Growth During Flotation of Particles 
This mechanism is based on the different rising velocities among different sizes 
of particles under the action of buoyancy and it is assumed[40,41] that the 
velocity of floating particle obeys Stokes' law: 
v=[2gr2(Pm-Ps)]/(911)=Kr2 (2-7) 
where v: floating velocity. 
g: acceleration of gravity. 
Pm and Ps: density of liquid metal and particle respectively. 
11: viscosity of molten steel. 
The volume passed by a floating particle with radius, r, within ~t is 
,.,.r2v~t 
and it is assumed, the volume of particles present in a unit volume of the liquid 
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is a, therefore, the volume of particles absorbed during floating is 
7rr2u4t'a 
Thus the increment of a particles volume is 
(4/3)7r(r+ 4r)3_(4/3)7rr3= 7rr2u4t'a (2-8) 
the terms with (42) and higher order are ignored, and Eq.(2-8) become 
44r=ua4t 
dr lim 4r v« k« 2 
-= -=-=-r 
dt 4t .... 0 Il.t 4 4 
(2-9) 
integrating Eq.(2-9) with initial conditions 
at t=O 
• • 
ro ro 
r= =------ (2-10) 
1-cr;t g«(Pm p~r;t 1------
18flm 
During steelmaking, Stokes' collisions occur very often, because of the 
different velocities of the particles and inclusions suspended in the liquid. Injected 
and/or dispersed particles, either solid, liquid or gaseous, are usually larger than 
the non-metallic inclusions, so that the particles are accelerated more slowly 
and/or rise faster under the action of buoyancy than the inclusions. Thus both 
can approach each other and coagulate. 
Because the growth of small particles is very complex during steelmaking, it 
is probable that the three growth processes described above occur 
simultaneously and independently[40,41 J. 
Kawawa et.al [40J gave the calculated performances of these three models for 
silicon deoxidation with Co-Ceg =0.1 %0, as represented in fig.2.2, in which 
growths of Si02 inclusion are calculated by the three models and by a combined 
model of Stokes' model with the other two models. and the results agree well with 
experimental results. But Sano[41 J considered that since these three models are 
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not enough to explain all the observed behaviour, the growth of oxide inclusions 
in liquid steel must be much more complex than these models. 
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a means the effect of agitation of 
both on collision frequency. 
Figure 2.2 Growths of inclusions according to three 
typical models and combined modeL 
2.4 Elimination of Inclusions 
The final aim in the study of the kinetics of steel deoxidation is to eliminate 
inclusions as far as possible. Many factors such as the velocity of rising particles. 
the characteristics of slag and refractory, and the stirring of the bath etc. can 
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affect the elimination of inclusions. 
A faster velocity of floating particles is expected in liquid steel. In the classical 
theory, their velocity obeys Stokes' law as described in the last section. Because 
the velocity of rising spherical particles is proportional to the radius squared, ,-2, 
some metallurgists think an efficient method of elimination of inclusions is to 
increase their radius. Since inclusions in the liquid state coalesce easily, 
deoxidation products should be more removable in the liquid state. Sano's 
work[41] showed that large spherical liquid silicates separated from the melt very 
quickly using silica-manganese as a deoxidizer. Miyashita et.at. [39] concluded 
that the floating velocity of silica inclusions in a tranquil iron bath is in agreement 
with Stokes' law. 
However, since in practice baths are usually stirred by gas or induction, the 
velocity of rising particles may not obey Stokes' law[ 48]. 
Stirring by induction is beneficial to the floating-up rate of inclusions and their 
floating-up rate becomes lower as the degree of agitation becomes smaller, 
according to the result of Kamama's[40] experiment. 
Gas stirring is a very efficient method for the removal of non-metallic 
inclusions[41 ,95]. The inclusions adhere to the bubble caused by gas stirring 
because of favourable surface forces, and are then carried upwards, driven by 
the buoyancy force. 
Iyengar and Philbeook[48] also studied the rate of removal of inclusions in a 
bath stirred by natural convection, and it was observed that a boundary layer 
effect, and the presence of a thin liquid metal film, prevented rapid removal of 
inclusions from the stirred metal. Meanwhile they also found some large 
inclusions present in the ingot, which should not exist in steel according to 
Stokes' law, perhaps because Stokes' law neglects the effect of fluid motion. 
The aim of deoxidation is that the rising oxides enter finally into slag phase, or 
are adsorbed by the crucible wall. So the nature of both slag and inclusions is 
very important. Low interfacial tension between inclusions and receiving slag will 
promote coagulation of inclusions with a top slag [65] and with increasing liquid 
metal/inclusion wetting angle, solid inclusions are more deeply immersed in the 
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slag and less deeply immersed in the liquid steel. 
Several studies show[35,48,51] that many inclusions can be assimilated by the 
crucible wall rather than rising to the surface of the liquid steel. So refractory 
material also appears to playa very important role during deoxidation. Care 
should be given to the composition of refractory material. 
For many authors the stage of elimination alone determines the success of 
deoxidation. 
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CHAPTER 3 
The Role of Calcium In the Steelmaking Process 
3.1 General 
In the past two decades calcium-treatment of steels has been greatly 
developed, since calcium is very effective in desulphurisation, deoxidation, 
improving cleanliness, and modification of non-metallic inclusions present in 
steels. 
Many workers have investigated the behaviour of calcium in the steelmaking 
process and the methods of calcium-treatment in modern steelmaking, and great 
progress in the field has been made. However, because there is little 
thermodynamic data available on the high-temperature behaviour of calcium, and 
calcium has a very low solubility and high vapour pressure in the melt, some 
experimental thermodynamic data on the deoxidation and desulphurisation 
reactions with calcium are still conflicting. 
3.2 Desulphurisation and Deoxidation by Calcium 
3.2.1 Mechanism of Desulphurisation 
Sulphur exist in a gaseous state at steelmaking temperatures since the boiling 
point of sulphur is 718 K. However sulphur can dissolve in the liquid steel and 
slag, if the liquid metal is exposed to gases which contain sulphur. 
There are many methods available for desulphurisation in iron and steelmaking 
processes, but they can be classified into two types according to the different 
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mechanisms involved. These are, desulphurisation by exchange reactions, and 
by precipitation reactions. 
(a) Desulphurisation by exchange reactions 
It is well known that basic slags are effective in desulphurising steel and 
desulphurisation occurs at the interface between liquid steel and slag. Most 
workers[30,31,52] think that desulphurisation by the top slag is responsible for 
the reaction at the boundary with the basic slag, and the transfer of sulphur from 
the metal to the slag is by an electrochemical exchange reaction: 
[S] + (0-2) = (S-2) + [0] (3-2-1) 
The above equation shows that sulphur exchanges two electrons with oxygen 
bringing one oxygen ion from the slag to the metal as atomic oxygen and atomic 
sulphur transfers from the metal to the slag. Because a prerequisite for this 
mechanism is the presence of some oxygen ions which act as electron donors 
in the slag, only basic slags are suitable, since no oxygen ions are present in acid 
slag. 
CaO (lime) is the main desulphurizer in basic slag and desulphurisation with 
calcium oxide alone is expressed by the reaction: 
(CaO)+[S] = (CaS) + [0] (3-2-2) 
The sulphide capacity, Cs', of a slag is commonly expressed as[31]: 
Cs ' ;:::a[O)(%S)/[%S] (3-2-3) 
where a[o) is activity of oxygen in liquid steel. 
Hassall et. al[53] showed that, for desulphurisation treatment, higher sulphur 
partition coefficients, L= (%S)/[%S], were achieved for slags with higher 
basicities [(CaO)/(Si02»5] and with low (FeO) contents «1.5%) according to 
the various compositions of top slag. In addition, from equation (3-2-3), it is clear 
that, for a given sulphide capacity, the sulphur partition coefficient is critically 
dependent on the level of deoxidation of the liquid steel. Figure 3.1 shows 
sulphide capacities in the CaO-AI20 3-Si02 system[31]. 
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Figure 3.1 Sulphide-capacity Cs ' contours in AI20 3-CaO-Si02 system 
at 1600°C; Cst values in 10·3wt-%. 
(b) Desulphurisation by precipitation reactions 
Like the method of deoxidation, some elements which have high affinities for 
sulphur are added into the melt and the reaction occurs between sulphur and a 
desulphurising element, both of which are dissolved the liquid steel. Sulphides will 
be precipitated and subsequently removed from the steel. Calcium is one of the 
most common desulphurisers, since the equilibrium constant, KCaS' is very low 
(1.3*10-9)(65]. 
In modern metallurgical processes, calcium-desulphurisation by precipitation 
reaction can be effected in two ways: (1) powder injection with a carrier-gas using 
a submersed lance, (2) injection into the melt of a metal wire with a core of 
powdered calcium alloy. Both techniques are usually used for final 
desulphurisation in the steelmaking process, and produce fully-modified non-
metallic inclusions. 
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The injection of calcium-bearing powder with carrier-gas for desulphurisation 
has been adopted widely in iron and steelmaking[15,22,23,57]. In addition to 
alloys such as CaSi and CaC2, mixture powders containing CaO and CaF 2 have 
also been used. Research by Kaneko et. al [61] showed that the minimum sulphur 
concentrations attained were as low as 0.0007% by CaO-CaF 2 injection with 
carrier gas in molten steel. 
Adding calcium alloy powder to liquid steel by using a cored-wire technique 
began in the early eighties and developed very quickly since cored-wire injection 
causes less agitation and pollution of steel, much better injection efficiency, less 
heat loss, more complete modification of non-metallic inclusions, and lower 
investment and operating costs compared with powder injection with carrier-
gas[22,59]. Wire injection also allows the treatment practice to be simplified. 
Some workers [54,55,56] have investigated calcium absorption and elimination 
rates to discover the main form in which calcium is retained in liquid steel when 
calcium alloy is added into the melt, and also to measure the efficiency of calcium 
usage and retention, and its influence on steel properties. 
Calcium-content in molten steel usually increases rapidly when calcium is first 
added, but levels off after a short time, even though calcium is still being fed[56]. 
In full-scale practice, calcium alloy is usually injected deeply into the liquid 
steel, so that the boiling of calcium can be suppressed by ferrostatic pressure in 
order to achieve higher injection yield. Turkdogan [54] reported that the CaSi 
injection should be at a certain rate to ensure that the core wire melts deep in the 
melt, e.g. = 1.5m below the melt surface, since the vapour pressure of calcium at 
16000 C is 1.86 bar. The calcium at this depth can become liquid, therefore, the 
reaction between the liquid calcium and steel is very efficient. The other benefit 
of deep injection is to retain calcium in liquid steel for a longer time in order to 
provide longer reaction time with sulphur and oxygen. 
Calcium solubility in the liquid steel is only about 160 ppm[60] at 1 atm 
pressure of calcium vapour. However the addition of Silicon, carbon, aluminium 
and nickel can increase the solubility of calcium and its suitability is fully realised 
in combination with these elements. Calcium injection yields of 20% with the 
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cored wire process can be obtained by using CaSi (Si 60%, Ca 30%) and the 
method of deep injection[55]. 
When calcium alloy is added into the melt, the bath will be stirred by calcium 
vaporisation, and the bubble-stirring is beneficial to the elimination of inclusions. 
Lu et al[56] showed that, after injection, the total calcium content in steel reduced 
quite rapidly, apparently following first order kinetics: 
0\:% Cal = - K(% Cal 
dt 
(3-2-4) 
where K is the rate constant for elimination of calcium. 
If the calcium compound is deeply injected into the liquid steel, liquification 
occurs. Calcium particles in the liquid state react with oxygen and sulphur as they 
rise in the steel, and any unreacted particles vaporize as the ferrostatic pressure 
decreases. So any excess calcium then reaches the surface and reacts with the 
top slag or burns in the air. Therefore it is a generally accepted view that the 
calcium retained in liquid steel is almost all in non-metallic inclusions, and as 
Turkdogan[54] reported, it is primarily in the form of calcium aluminate inclusions, 
and to a lesser extent as calcium sulphide inclusions dispersed in the melt. 
3.2.2 Deoxidation by Calcium 
Although a major role of calcium in steelmaking is to desulphurise and control 
non-metallic inclusion morphology, deoxidation by calcium is unavoidable due to 
its very high affinity with oxygen. The equilibrium constant for KCaO is reported to 
lie between 10.11 and 10.7 , depending on the literature source[62,63,64]. 
Because dissolved oxygen competes with sulphur for calcium and impedes the 
removal of sulphur, oxygen activity has to be lowered before adding calcium. In 
fact, desulphurisation and deoxidation occur simultaneously when calcium alloy 
is injected into the melt. Therefore oxygen activity in the molten steel can be 
further lowered and cleaner steel can be obtained even though some calcium is 
consumed in deoxidation. 
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3.3 The Improvement of Non-metallic Inclusions Morphology 
by Calcium 
3.3.1 The Modification of Sulphide Inclusion by Calcium 
The attraction of calcium lies in its ability to modify non-metallic inclusions in 
steel. 
Sulphides are very important and often highly detrimental in steel, and MnS 
inclusions are the main sulphides present in steel. Usually these MnS inclusions 
are classified into three types I, II, III, according to their different shapes and 
distribution, and these types form as the result of different steel deoxidation 
practices. Type I sulphides form as isolated globular particles, they may be pure 
MnS, also MnS containing FeO, MnO and Si02, and are usually formed in rimmed 
or semi-killed steels where the oxygen content of the liquid steel is high. Type II 
form as chains or fans of small rod shapes and appear as eutectic distributed in 
grain boundaries. They occur in steel which has been fairly heavily deoxidised by 
aluminium. Type III which have angular or octahedral shapes are precipitated as 
solid particles from the melt and occur in steel which has been very heavily 
deoxidised. In general, they usually are mono-phased with little or no oxide 
associated with them[12, 14, 18]. Thus type II and III MnS always exist in AI-killed 
steel, especially type II. Because they form films which precipitate between grains 
late in the solidification, they can cause hot-shortness during rolling at elevated 
temperature. On the other hand, since MnS is plastic, these inclusions are 
deformed during rolling to produce long stringers of sulphides which lead to a 
reduction in mechanical properties transverse to the rolling direction, and are 
detrimental to toughness and bend formability. 
Normally sulphur is dissolved in molten steel and the manganese content is 
not sufficient to form sulphides at higher temperature. However during 
solidification, impurity levels in the residual melt rise, as the temperature falls, and 
manganese and sulphur can react to form manganese sulphide. Therefore these 
sulphide phases, especially type-II MnS, precipitate late in the part of the steel 
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ingot which solidifies last. 
It is well known that the addition of calcium can prevent the precipitation of 
MnS. Many workers[19,42,56,66,67,68,69,70,71] have investigated the behaviour 
of CaS or (Ca,Mn)S in the molten steel and the suppression mechanism of MnS 
precipitation by calcium addition. 
Since CaS can be precipitated by reaction (3-3-1) even in the molten steel 
according to the thermodynamic data for calcium, the dissolved sulphur content 
decreases greatly in the residual liquid near the end of solidification. 
[Cal + [S] = (CaS) (3-3-1) 
With decreasing temperature, the above reaction can continue. If there is more 
sulphur in the melt, residual sulphur reacts with manganese to form manganese 
sulphide during solidification, which can diffuse to the CaS inclusions to form 
(Ca,Mn}S inclusions[56]. Investigation by Kitamura et.al[66] showed, calcil.Jm-
aluminate can directly contribute to the desulphurisation reaction (3-3-2) during 
solidification. 
(3-3-2) 
He considered that it is possible to increase its ability to desulphurise as solute 
segregation in the residual liquid increases during solidification. However, Ozhun 
and Turkdogan[71] considered this reaction does not have a large effect on 
desulphurisation in the molten steel. 
CaS inclusions are harder and less deformable than MnS. Some papers[65,72] 
show that a small amount of calcium in manganese sulphide inclusions can 
change their morphology and decrease their deformability during rolling. For AI-
killed steels, complete transformation of sulphide into globular inclusions can be 
obtained when the calcium left from deoxidation is sufficient to react with more 
than 40% of dissolved sulphur at the start of solidification [72]. Because they resist 
change of form into long stringers and remain globular during the rolling process, 
their influence on properties both parallel and perpendicular to the rolling direction 
are similar. Consequently by the modification of the lenticular MnS to spheroidal 
CaS, (Ca,Mn)S or RE20 2S and RE2S3, the isotropy of properties can be greatly 
increased[74]. Sulphides of a globular type also enhance bendability[17,42]. 
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3.3.2 The Change of Oxide Inclusion Morphology by Adding 
Calcium 
AI20 3 is the most common oxide inclusion in aluminium killed steel. Because 
the inclusions have very high melting point, are hard, and can form as A120 3-
clusters, they are usually responsible for nozzle blockage during continuous 
casting, and degradation of the mechanical properties of steels due to the 
formation of elongated discontinuous stringers during rolling. 
Calcium can reduce aluminium in alumina inclusions and change A120 3-
clusters to spherical calcium aluminate in AI-killed steel by the following 
precipitation reaction [65,73]. 
(3-3-3) 
Fig.3.2 depicts the CaO-AI20 3 binary system[65] which shows the mechanism 
of calcium-addition to an aluminium-deoxidized melt. Six intermediate phases 
have been reported to exist in the system depending on the Cal AI ratio in the 
liquid steel [25]. It is very important that the composition of calcium aluminate 
inclusions is controlled to avoid the formation of high melting point types, e.g. 
CaO.6AI20 3 which can cause nozzle blockage during continuous casting. When 
the Cal AI ratio in the steel exceeds 0.08, the alumina and CaO.6AI20 3 (CAs-type) 
inclusions are totally converted to low melting point calcium aluminates, type 
CaO.AI20 3 and 12CaO. 7 AI203[75]. 
Fig.3.3 shows total calcium contents needed to obtain liquid inclusions in liquid 
AI-killed steels[72]. 
3.3.3 The Formation Mechanisms of Duplex Oxy-sulphide 
Inclusions Formed by Adding Calcium 
Although CaS or (Ca, Mn)S inclusions can exist as a single phase inclusion, 
they often occur surrounding calcium aluminate to form duplex oxy-sulphide 
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inclusions in calcium-treated steel[15,21 ,31 ,33,58,65,66,67,68]. Because this type 
of inclusion probably alleviates the detrimental effects of oxide inclusions on steel 
properties, especially fatigue properties[66,67], many workers have investigated 
its formation. 
Since large oxide inclusions surrounded by calcium sulphide were identified 
as of primary origin, Saxena[15] considered that the primary inclusions, CaO-
AI20 3 act as nuclei for the precipitation of calcium sulphide, with the result that the 
calcium sulphide phase is confined to the outer surface. 
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Figure 3.2 The equilibrium diagram for the CaO-AI20 3 binary system. 
Salter el.al[21] considered that since the calcium silicide when added is more 
likely to form oxides than sulphides, the CaS probably originates from the pre-
existing silicates which were picked up from the slag, or produced by calcium 
silicide deoxidation. When reaction occurs between calcium silicate and 
aluminium, the sulphur combines with calcium in the reacting silicate due to the 
greater stability of CaS. 
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As the amount of silicate decreases and becomes no longer able to hold the 
sulphur in solution, all the sulphur is eventually precipitated within the calcium 
aluminate or as a peripheral phase around it. 
Some workers [21,68] report the oxide inclusions surrounded by CaS being 
formed during the solidification process of steel. Since calcium sulphide is 
distributed relatively uniformly on the outer surface of calcium aluminate in steel, 
the workers assumed that CaS deposited on the surface of oxide inclusions is 
probably formed by precipitation from within the CaS-containing inclusions. 
Takenouchi el.al[68] investigated the solubility of CaS in CaO-AI20 3, shown in 
fig.3-4, and reported that the formation mechanism of peripheral CaS on the 
oxide surface is one of precipitation of CaS from the CaO-AI20 3 inclusions 
(containing CaS uniformly distributed) due to the solubility drop as the 
temperature decreases. 
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Figure 3.3 Possibilities of transformation of alumina clusters 
by calcium in AI-killed steel. 
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4.1 General 
CHAPTER 4 
The Influence of Non-metallic Inclusions 
on Fatigue Strength of Steels 
Fatigue failures can be regarded as the progressive failure of parts under 
repeated loading. The fatigue strength of a material is usually expressed by the 
S-N curve which shows a relation obtained between the fluctuating loads or 
stresses, S, and the number of cycles to fracture, N. 
Three ranges can seen in the S-N diagram for steels (fig.4.1), a large-
amplitude or H range where life increases with decreasing amplitude; a small-
amplitude, or F range, where life further increases with decreasing amplitude, and 
a fail-safe or S range, at still smaller amplitudes, where life becomes infinitely 
long [78]. 
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figure 4.1 Idealised S-N curve for steels. 
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The development of fatigue cracks usually is divided into two stages: initiation 
and growth (propagation) of fatigue cracks. Since the initiation of fatigue cracks 
starts at the beginning of component service, the process of component fatigue 
failure is one of initiation and growth of a fatigue crack or cracks. The ratio of 
cycles for initiation to cycles for growth varies over the three regions in the S-N 
curve. In the low-cycle region, the fatigue life of steels is dominated by crack 
growth, that is, crack growth occupies the largest proportion of fatigue life. 
However, crack initiation governs the fatigue life in the high-cycle region. Eid and 
Thomason [82] showed that the nucleation phase in low-alloy steels under high-
cycle fatigue condition may occupy well in excess of 95% of the total fatigue life. 
Also the proportion of the fatigue life occupied by each stage is different for 
various materials. 
Some researchers [80, 102] have shown that fatigue crack initiation in many 
high strength steels occurs primarily at non-metallic inclUSions, whereas fatigue 
crack initiation in soft steels often occurs in slip bands. 
4.2 Influence of Non-metallic Inclusions 
on the Nucleation of Fatigue Cracks 
The important role played by non-metallic inclusions as initiation sites for 
fatigue cracks in high strength steels has been investigated 
extensively[79,80,81,82,83,84]. It is thought that the nature, size, shape and 
distribution of non-metallic inclusions and the stress state around non-metallic 
inclusions greatly influence the nucleation of fatigue cracks. 
4.2.1 Tessellated Stresses 
Since non-metallic inclusions and the steel matrix have different thermal 
expansion coefficients, microstresses will exist at the interface between particles 
and matrix following heat treatment, and these are called "Tessellated Stresses" 
(or Structural Tessellated Stresses). The tessellated stress O"r caused by different 
thermal expansions are of the general form[20,76] 
O"r=t(a2-a1)T (4-1) 
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where t is a function of the elastic moduli of inclusion and matrix, and also of the 
inclusion size, shape and distribution; a 1 and a2 are the thermal expansion 
coefficients of the inclusion and matrix respectively, and T is the temperature 
change. Brooksbank el.al[20,76,77,86,87,88] comprehensively investigated the 
thermal expansion properties of some typical types of inclusions and calculated 
their nature and magnitude. Brooksbank et. al[87] considered that the stress level 
at the interface between inclusions and matrix is determined principally by the 
term (a2-a1). The relative expansion coefficients are summarized in fig.4.2. 
Because AI20 a and calcium aluminate have lower thermal expansion 
coefficients than the matrix, these oxide inclusions are shown to give rise to high 
tensile matrix-stresses which are very detrimental to fatigue properties. In fact, the 
stress in the matrix around each inclusion is the sum of the tessellated and 
applied stresses and, if the total stress exceeds the matrix yield point, plastic 
deformation of the matrix around non-metallic inclusions occurs, and fatigue 
cracks will probably be initiated from these boundaries. 
Since, in contrast with AI20 a, manganese sulphides have a larger thermal 
expansion coefficient than the matrix, that is, a1 > a2 , see fig.4.2, microvoids could 
form around inclusions during cooling. The result of the formation of microvoids 
is that adverse stresses will not develop at the interface, even though there is still 
a stress concentration in the void. 
Many metallurgists are very interested in duplex oxysulphide inclusions in the 
calcium-treated steels, that is, calcium aluminates enveloped by peripheral CaS 
or (Ca,Mn)S. Analysis of this type of inclusions according to the tessellated 
stresses shows that the interface stress between the inclusion and the matrix is 
reduced[20,76]. The inclusion core, of calcium aluminate, would give matrix 
tensile stresses, whereas the (Ca,Mn)S outer shell might leave a void, so the 
process of encapsulation would reduce, or even eliminate the tensile stresses 
caused by AI20 a or CaO-AI20 a, which are very deleterious to fatigue properties 
if the oxide was present by itself. 
Several investigations show that calcium aluminates, alumina, spinel, silicates 
and titanium nitride inclusions are the most detrimental to fatigue 
life[4,20,21 ,86,87,89]. 
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Figure 4.2 Stress-raising properties of inclusions in 1%C-Cr bearing steels. 
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4.2.2 Influence of Size and Position of Inclusions 
on Fatigue Crack Initiation 
It is well known that the size of non-metallic inclusions affects the fatigue 
properties of steel and some researchers [1 0,90] have shown that larger 
inclusions in steels are more detrimental to fatigue strength than small ones. 
Brooksbank and Andrew[20,85] calculated tessellated stresses around 
inclusions and showed that tessellated stresses increase with increasing size of 
incluSions, if the thermal expansion coefficient of the inclusions is less than that 
of matrix. 
The position of non-metallic inclusions in steels also greatly effects the initiation 
of fatigue cracks. Usually fatigue cracks will be more easily initiated by inclusions 
in the near surface than by those 'further from the surface. Harkegard[91] 
classified the position of the crack-initiation defects in his fatigue specimens and 
showed surface and sub-surface defects occupied 65% and 17% respectively of 
all fatigue crack initiation defects. 
The effect of both the size and depth of inclusions has been studied by some 
workers [1 0,1 02]. The critical inclusion size was found to depend on the distance 
beneath the steel surface and increased from 10 ILm just below the surface to 30 
ILm about 100 ILm below the surface when AI20 3 inclusions in steel were 
studied [1 0]. 
If near-surface inclusions are below the critical size, they will not effect the 
fatigue strength. So one of the methods for improving the fatigue properties of 
steels is to eliminate steel inclusions, which are larger than the critical size, as far 
as possible. 
Fatigue cracks are also initiated by hard undeformable inclusions which, during 
hot-working, form end-cavities between inclusions and matrix causing an increase 
of inclusion-matrix decohesion. Rudnik[92] showed that as the index of 
deformability decreases, the inclusions, particularly large ones, do not elongate 
uniformly during rolling of steel, and a conical gap will form at the interface of 
inclusion and matrix. This may lead to cracking due to high local stress 
concentration. 
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4.2.3 Mechanism of Fatigue-crack Initiation by Inclusions 
The reasons for fatigue-crack initiation in different cycle ranges may vary. In 
the low cycle range « 1 04 cycles) fatigue cracks usually initiate at intense slip-
bands due to the large cyclic-plastic strains, and propagate rapidly by ductile 
tearing between the main crack front and voids produced by inclusions and 
second-phase particles[79] ahead of the crack front. In the intermediate-cycle 
range (104-106 cycles) crack-initiation usually takes place adjacent to both bonded 
and debonded non-metallic inclusions[80], and for the upper end of this range, 
all cyclic-plastic strains are confined to small regions of local stress-intensification 
at the site of inclusions[81]. Fatigue-crack nucleation always occurs at debonded 
or damaged non-metallic inclusions in the high cycle range (> 1 06 cycle), and 
because the intensity of the stress field is quite low, localized cyclic-plasticity in 
the adjacent matrix does not occur during crack-initiation [82] . 
Several models for fatigue nucleation have been established to explain the 
mechanisms of fatigue crack initiation from inclusions. An investigation of the 
initiation of fatigue cracks in 4340 steel by Lankford[81] showed that some non-
metallic inclusions at the free surface, which initiated fatigue cracks, were all 
debonded or partially debonded from the matrix, and debonding between the 
inclusions and the surrounding matrix always occurred first at the poles (where 
the tension axis intersects the inclusions). The model of fatigue crack initiation, 
based on debonding of surface inclusions prior to microvoid nucleation within the 
metal matrix, is shown in figure 4.3[81]. Eid and Thomason [82] further 
researched fatigue crack initiation under high-cycle conditions and reported that 
fatigue crack nucleation often initiated from debonded, and damaged inclusions 
which led to the formation of holes at the specimen surface in high-cycle 
conditions. Although the applied stress is very low under high-cycle conditions, 
the stress is greatly intensified at the equatorial point on the boundary of a hole 
caused by debonding. Local fatigue of alumina inclusions and cyclic-plastic zones 
will develop at the equatorial surfaces of holes. Eid[82] considered that the 
prerequisite for initiating fatjgue cracks under high-cycle conditions is hole-
formation caused by either progressive debonding, or local fatigue damage of 
inclusions. 
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Figure 4.3 Proposed model of fatigue crack initiation based on debonding of 
surface inclusions prior to microvoid nucleation within metal matrix. (a) 
Bonded inclusion. (b) Initial debond at one pole. (c) Growth of initial debond 
seam; nucleation of debond at opposite pole. (d) Further debond seam 
growth accompanied by point surface defect nucleation within matrix. (e) 
Defect growth and coalescence to form fatigue microcrack. (f) Growth of 
microcrack, and nucleation of surface defects at opposite side of inclusion. 
If the inclusions and the interface are strong enough not to break under the 
initial loading and the cyclic stress is high, plastic flow is accumulated in the 
matrix after some repetitions of cyclic loading. Because slip bands in the matrix 
will be blocked by inclusions and inclusions are impinged by the accumulation of 
dislocations, debonding or cracking of inclusions will occur, and fatigue cracks 
will be initiated [84,93,94,95]. 
4.3 Propagation of Fatigue Cracks 
Fatigue cracks are able to grow under cyclic loads after initiation. In many 
materials the crack propagation phase occupies a major fraction of the useful 
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fatigue life. 
Most studies have confirmed that the crack-growth increment per cycle 
(da/dN) is principally a function of the alternating stress intensity, aK, according 
to the Paris' relationship: 
da/dN =C(aK)n (4-2) 
where C and n are experimentally-determined constants which may depend on 
material, microstructure and environment, etc., and a K is given by the difference 
between the maximum and minimum stress intensities for each cycle. 
Primary Mechanisms I 10-2 ! K c 
Regime A Regime B ! Finol 
rollur 
Non-Continuum Continuum ! 
Mechanisms Mechanism 
(Striation Growth) 
Q.) Lorge Influence of: /' <:> Little Influence of: /i/,,/i >. 1. microstructure ,/ () t microstructure 
"-E 2. mean stress 2. meon stress Regime C 
.5 10-4 3. environment 3. dilute 
environment "Static Mode" 
Z Mechanisms 
-0 (Cleavage, 
"-
0 Intergronulor 
"0 8.: Fibrous) 
Large Influence of 
1. microstructure 
I 2. mean stress 
10-6 i 3. thickness i Little Influence 6f: Threshold AK 0 i 4. environment 
log /::.K 
Figure 4.4 Typical fatigue crack growth curve. 
The typical curve of crack growth rate is illustrated in figure 4.4[24,96], which 
shows three distinct regions. In stage I, crack growth is very slow since the value 
of aK is near the threshold for fatigue crack growth, a~h' and is strongly affected 
by microstructure, mean stress and nature of the environment. In the intermediate 
aK range, log da/dN is almost linearly related to log aK according to the power-
equation (4-2) proposed by Paris. During stage II, rates of crack growth are 
usually largely independent of the tensile strength and composition of the 
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material, but anything that significantly modifies crack tip profiles will affect crack 
growth rates. The region labelled III shows very rapid fatigue crack growth rate, 
because the applied ~ax approaches the fracture toughness, K1c, of the material, 
and fatigue crack growth rate in this region is known to be sensitive to 
microstructure, and stress ratio. 
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CHAPTER 5 
The Influence of Nitriding on the Fatigue Properties of Steels 
5.1 Principle of Nitriding 
Nitriding is a thermochemical surface-hardening heat treatment, that introduces 
nitrogen into the steel surface, by holding the metal at a suitable temperature in 
contact with a nitrogenous gas, usually ammonia. The temperature range of 
nitriding is SOO-S90oC, and no phase transformation occurs on cooling to room 
temperature. Thus distortion caused by nitriding is the smallest of all the surface 
heat treatments. 
For gas nitriding, the ammonia dissociates near the surface due to the reaction 
2NH3 ..... 2N+3H2 (S-1) 
At the instant of dissociation, nitrogen occurs in the atomic form which can be 
absorbed at the steel surface. Several phases may form according to the 
temperature and the concentration of nitrogen which diffuses into the ferrite 
during nitriding. 
The iron-nitrogen equilibrium diagram is shown in Figure S.1 [26]. Since the 
maximum solubility of nitrogen in pure iron at S90°C is only 0.1 percent, the 
solubility limit is soon reached at the surface of the steel and y'-nitride (Fe4N) will 
form. If the nitrogen concentration increases continuously and exceeds 6%, the 
y'-nitride starts to change into €-nitride. 
It is well known that the soft and brittle "white layer" will form if the nitrogen 
potential is too high during nitriding. The whiter layer consists of € and y' -nitride 
wrlich form up to O.OS mm thick on the surface of nitrided parts. Some alloying 
elements, such as AI,Ti,V,Cr,Mo etc. can form stable nitrides and increase case 
hardness during nitriding [2]. The results obtained from some investigations are 
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shown in Figure 5.2[25], from which it can be seen that very high hardness 
results from alloying a steel with aluminium or titanium in amounts of about 1.5%. 
Meanwhile, the hardenability of steel containing these alloying elements can be 
greatly increased, so that the strength and toughness of nitrided steels can be 
improved. 
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Figure 5.1 Equilibrium diagram for iron-nitrogen. 
In addition to gas nitriding, some other nitriding methods, such as salt-bath 
nitriding and plasma nitriding (ion-nitriding), are widely used in industry, and each 
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method has its own advantages. In specific cases, one particular process may 
be preferable. 
5.2 Fatigue Properties Improved by Nitriding 
The fatigue properties of steels may be improved by nitriding in two ways: (1) 
the increase in surface hardness resulting from the formation of stable nitrides; 
(2) the development of compressive residual stresses in the case, which counter 
applied tensile stresses. 
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Figure 5.2 Effect of alloying element additions on hardness after nitriding. 
Base composition: O.25%C, O.30%Si, O.70%Mn. 
The development of compressive residual stresses is primarily because of 
volume differences between alloy nitrides which form in the case during the 
nitriding process and the alloying elements which are in solution in the steel in the 
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core. Since alloy nitrides occupy a greater volume than the alloying elements in 
solution in steel, they thus tend to expand the surface layer. On the other hand, 
the non-nitrided core will prevent the surface layers from obtaining their free 
growth size. The result is that expansion of the surface layers is restrained by the 
core. 
In steels which are not surface hardened fatigue failure usually originates at 
a surface location under applied tensile stress during bending and direct stress 
testing. However, if residual compressive stresses are present in the case, the 
tendency for fatigue failure to initiate in the surface layer will decrease greatly. 
Figure 5.3 shows the resultant stress distribution in tension-compression fatigue 
testing of a nitrided cylindrical specimen. 
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Figure 5.3 Addition of residual stresses to applied stress system in tension-
compression fatigue of nitrided cylindrical specimen [89]. 
Fatigue crack initiation is often associated with non-metallic inclusions in 
nitrided steels. Some researchers [3,4 ] show that, at longer lives, failure is 
normally from a single sub-surface nucleated crack which is nucleated at an 
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alumina inclusion. 
It should be noted that the non-metallic inclusions which initiate fatigue cracks 
in nitrided steels are mainly well below the surface. This is not so for non-nitrided 
steel where cracks are initiated mainly in the surface. This phenomenon is the 
result of compressive residual stresses in the case. 
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CHAPTER 6 
Production of Experimental Steels 
6.1 Introd uction 
The first phase of experimental work was to produce a nitriding steel in which 
non-metallic inclusions were modified by calcium additions to the melt. It was 
hoped that the modified inclusions would consist of oxides encapsulated by 
sulphides. 
Since calcium has very low solubility in liquid steel, a high vapour pressure at 
steelmaking temperature, and it tends to float due to its low density, the yield of 
calcium addition are in general low. In full-scale practice, because the furnace or 
ladle is very large, it is usual to increase the efficiency of calcium usage by 
increasing the depth of cored wire injection. However, in a small furnace most of 
the calcium added is lost by vaporization, rather than contributing 
desulphurization and modification of non-metallic inclusions. 
Since desulphurization and modification of non-metallic inclusions in the 
experiments are dominated by calcium, it was necessary to investigate which 
process of adding CaSi can increase calcium yield in a small furnace. 
6.2 Materials and Equipment 
The experiments were carried out in the Mechanical Engineering Department's 
Coreless High Frequency Induction Furnace. The induction furnace has a 14kg 
capacity, a maximum power of 40 kw, and a frequency of 3000 HZ. The crucible 
had a basic refractory lining. Grade 300 reinforCing bar was used as the starting 
material and its typical chemical composition is shown in table 6.1. 12 melts were 
produced, and modification of non-metallic inclusions by adding CaSi cored wire 
was investigated. The charge and alloying elements which were added to each 
melt in order to achieve the desired composition are shown in table 6.2. 
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Table 6.1 Typical Composition Of Grade 300 
Elements C Mn Si Ni Cr S P Ti Cu 
Content(%) 0.19 0.48 0.15 0.09 0.06 .019 .007 .003 0.21 
Table 6.2 Charge And Alloying Elements Added For Every Melt Unit kg 
Melts Stock(Gra- C AI FeMn FeCr FeMo Si 
No. de 300) 75%Mn 65%Cr 75%Mo 
No.1 10 0.031 0.15 0.01 0.26 0.03 -
NO.2 11 0.029 0.073 0.19 0.032' -
NO.3 8.5 0.024 0.06 0.15 0.028 
-
No.4 8.5 0.04 0.014** 0.06 0.145 0.028 -
NO.5 14 ~ ~ ~ ~ 
-
NO.6 10.22' 0.045 0.091 0.182 0.032 
-
No.7 14 
- - -
-
-
NO.9 10.5 0.034 0.087 0.173 0.028 0.021 
No.10 10.556 0.029 0.01-- 0.073 0.166 0.028 0.021 
No.11 11.067 0.032 0.077 0.178 0.029 
NO.12 10.09' 0.027 0.095 0.161 0.027 
-
* Remelt 
** Deoxidizer 
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6.3 Experimental Process 
No.1 melt 
No.1 melt was intended to produce the nitriding steel, 905.M39 with non-
metallic inclusions modified by adding CaSi. The chemical composition for 905 
M39 is shown in table 6.3. 10kg of Grade 300 reinforcing bar was melted under 
normal atmospheric pressure without slag additions and the amounts of alloying 
elements added are shown in table 6.2. 
Table 6.3 The Chemical Composition For 905 M39 
Elements C Si Mn Cr Mo AI S P 
Content(%) 0.35- 0.10- 0.40- 1.40- 0.15- 0.90- Max Max 
0.43 0,45 0.65 1.80 0.25 1.30 0.025 0.025 
. 
Cored wire was used to add CaSi. A metal tube, 5 mm in diameter and 0.5mm 
wall thickness, from a vehicle hydraulic breakpipe, was cut into ten, 1 meter 
lengths. The tubes were filled with CaSi powder (60% Si, 30%Ca and the rest of 
content is Fe, C and AI). The mean CaSi weight in each tube was 12.1 gram. 
Each length of cored wire was compacted by cold rolling. 
All elements and alloys were added directly to the molten feedstock in the 
furnace at 1650°C in order of increasing reactivity, i.e. the most easily oxidised 
elements were added last. CaSi cored wire was added at 1630-1650°C before 
teeming, and the method of adding CaSi is shown in table 6.4 and will also be 
described below. 
Four tubes of CaSi (12.1 x4 gram) cored wire were added into the melt and the 
liquid steel was poured into a 2.5 kg mould with hot top for first ingot, named 1A; 
A further three tubes of CaSi cored wire (12.1 x3 gram) were injected into the melt 
for the second ingot, named 18; Two more tubes of CaSi cored wire were 
injected into the melt for the third ingot, named 1 C and the final tube of CaSi 
cored wire was added for fourth ingot, named 1 D. 
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No.2 Melt 
For No.2 melt and all subsequent melts the steel produced was 708 M40, 
nitriding steel. This is because 905 M39 nitriding steel contains 0.90-1.30% AI, and 
the amount of calcium needed increases with increasing aluminium content[101]. 
if calcium is used to modify non-metallic inclusions. So more calcium would be 
needed in this case, and this is really difficult to realize in a small furnace. 
CaSi powder was fed into a tube of 9 mm diameter and 1.5 mm wall thickness. 
in order to the maintain the CaSi cored wire longer in the liquid steel prior to the 
sheath melting in the experiment. Thicker cored wire sheath affects favourably the 
yield of binary alloys rich in calcium in liquid steel[55]. 
The experimental process was similar to No.1 melt and elements and alloys 
added are shown in table 6.2. The chemical composition for 708 M40 steel is 
given in the table 6.5. Some aluminium was added as a deoxidizer into the melt 
before injection of CaSi cored wire. For the method of addition, and amount of 
CaSi cored wire see table 6.6. 
Table 6.4 Method of Addition And Amount of CaSi Cored Wire in No.1 Melt 
Melt No. Addition Addition Addition Addition Casting 
---- ---- ---- 1A 
----
---- 16 
No.1 Melt CaSi CaSi CaSi 1C 10 kg 48.4 gram ----36.3 gram 24.2 g CaSi 12.1g 1D 
Table 6.5 The Chemical Composition For 708 M40 Steel 
Element C Si Mn P S Cr Mo 
Content(%) 0.36- 0.10- 0.70- Max. Max. 0.9- 0.15-
0.44 0.40 1.00 0.035 0.04 1.20 0.25 
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Table 6.6 Method of Addition And Amount of CaSi Cored Wire in No.2 Melt 
Melt No. Addition Addition Addition Addition Casting 
.... _--
---- ---- 2A 
No.2 Melt A( 
2B -_ ...... .. _--
11 kg 22 gram CaSi CaSi ---- 2C 
33 gram 10.5 gram CaSi 17 g 20 
.. Oeoxidizer. 
NO.3 and No.4 Melts 
Oesulphurization by adding basic slag into the induction furnace was 
investigated. The purpose of the basic slag was to obtain a lower sulphur content 
in the melt before adding the CaSi cored wire. Since the calcium yield in the 
steelmaking process is very low, especially in a small furnace, sulphur should be 
lower in the liquid steel before adding CaSi, so that most of the (small) amount 
of calcium taken up by the melt modifies the non-metallic inclusions. 
Basic slag was chosen because this slag system is very effective in 
desulphurization [30,31]. 
8.5 kg of Grade 300 reinforcing bar and low carbon steel pellets were melted 
in the induction furnace, and aluminium was added into the melt to lower the [0] 
activity at 1550°C. Powder mixtures of lime (CaO), alumina (AI20 3), Si02 and MgO 
were added to form a slag and the amount of each compound is shown in table 
6.7. 
The temperature of liquid steel was kept at 1650°C for 20 minutes so that the 
liquid slag could react with and desulphurize the liquid steel. Before adding CaSi 
cored wire , the slag was removed from the furnace, and 0.011 kg of aluminium 
was added into the melt to further deoxidize. The process of adding CaSi was 
similar to that of No.2 melt, which is shown in table 6.8, and the size of cored 
wire was the same as for the second melt. 
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Table 6.7 The Amount of Each Compound Used as Slag 
Melt No. CaO AI20 3 Si02 MgO 
NO.3 110 gram 34 gram 36 gram 20 gram 
No.4 300 gram 75 gram 75 gram 50 gram 
Table 6.8 Method of Addition and Amount of CaSI Cored Wire in NO.3 Melt 
Melt No. Addition Addition Addition Casting 
--_ ... 
---- 3A 
* NO.3 Melt Aluminium CaSi 38 ----
8.5 kg 18 gram 30 gram CaSi20 3C 
gram 
* Deoxidizer. 
Since the bath was stirred very strongly the amount of slag added could not 
cover the agitating liquid steel surface. This resulted in the liquid steel being 
almost totally exposed to air for about 20 minutes. 
The metallurgical process of the fourth melt was similar to that of NO.3 melt. 
However a larger amount of slag was added. The slag composition, elements and 
alloys added, and the process of adding CaSi cored wire are shown in tables 6.7, 
6.2 and 6.9 respectively. 
Since the materials used to produce the slag were powder, except the 
lumplime used in No.4 melt, some powder floated on the liquid steel surface 
because of its lower density and did not melt. It was intended to use lumplime, 
alumina, quartz sand, and magnesite to further investigate desulphurization by 
basic slag. However, some materials were not available, and desulphurization by 
44 
basic slag first followed by adding CaSi cored wire was only investigated in these 
two melts. 
Table 6.9 Method of Addition And Amount of CaSi Cored Wire in No.4 Melt 
Melt No. Addition Addition Addition Casting 
--_ ... 
---- 4A 
* No.4 Melt Aluminium CaSi 48 -_ .... -
8.5 kg 9 gram 30 gram CaSi 21 g 4C 
* Deoxidizer. 
No.5 and NO.6 Melts 
Since the CaSi used contains of 30%Ca and 60%Si and silicon is very easy to 
dissolve in the liquid steel, most of the silicon dissolved in the melt, whereas most 
of calcium evaporated from the melt. The result was that the silicon content was 
higher in the steel after adding CaSi and the silicon content exceeded the 
specification of 708 M40. 
An ingot-remelting method was employed. That is, first the stock was melted, 
desulphurized by adding CaSi, and ingots with low sulphur content were obtained 
as NO.5 melt. Second the ingots from NO.5 melt were remelted to produce NO.6 
melt and only a small amount of CaSi was injected to further modify the non-
metallic inclusions. Meanwhile silicon was expected to be lost by oxidation during 
remelting. 
The charge, elements and alloys, and CaSi cored wire added for NO.5 melt are 
shown in table 6.2 and 6.10 respectively. 
Desulphurised ingots totalling 10.2 kg were obtained. Splashing generated by 
adding CaSi cored wire, and excessive spillage in the process of pouring into 
ingot moulds accounted for the loss of weight. 
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Table 6.10 Amount of Aluminium And CaSi Cored Wire in NO.5 Melt 
Melt No. Addition Addition Casting 
NO.5 Melt 14 kg AI· (21 gram) CaSi (126 gram) SA 
• AI was added as deoxidizer. 
Since in previous melts (No.1-S), some liquid steel was lost due to calcium 
vaporisation and a very violent reaction, a lid made of a refractory material, with 
a 20 mm diameter hole in the centre, covered the furnace in the experiment when 
CaSi cored wire was injected for NO.6 melt. Also the effect of temperature on 
CaSi yield was investigated in this experiment. 
Table 6.11 Method of Addition And Amount of CaSi Cored Wire in NO.6 Melt 
Melt No. Addition .. n Addition Casting 
----
---- 6A 
NO.6 Melt Aft CaSi CaSi 68 ----
10.2 kg (23 gram) (40 gram) (40 gram) CaSi(40g) 6C 
• Aluminium was added as deoxidizer. 
The 10.2 kg of ingots from melt NO.5 was remelted and certain amounts of 
elements and alloys, shown in table 6.2, were added into the melt at 1630oC, 
followed by adding 29 gram of aluminium to lower [0] activity. CaSi cored wire 
was injected at 1SSOoC, the process being described in table 6.11. It was 
observed that the violence of the reaction cause by adding CaSi decreased 
greatly compared to previous melts where the CaSi was added at about 1630-
16S0oC. 
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NO.7 and No.12 Melts 
The metallurgical processes of both these melts were similar to those of NO.5 
and NO.6 melts. The addition of CaSi at lower temperature was further 
investigated, and CaSi cored wire with a higher calcium content, and lower silicon 
content was employed in No.12 melt. 
To produce melt No.7, 14 kg of Grade 300 reinforcing bar and low carbon 
steel pellets were melted, and 28 gram of aluminium was added at 1620oC. Cored 
wire with 226 gram CaSi was injected at 1550°C into the furnace with lid to 
desulphurize and modify non-metallic inclusions. The melt was reheated to 
16000 C and cast into 3.5 kg moulds with hot top. 
10.9 kg of pre-desulphurized melt NO.7 was remelted to produce melt No.12 
and elements and alloys were added as shown in table 6.2. CaSi cored wire 
containing a higher calcium and lower silicon content was adopted in this 
experiment, and obtained from Odermath of Germany. CaSi composition and 
cored wire size are given in table 6.12. 47 gram of this CaSi was injected into the 
melt at 1550oC, and the melt was reheated to 16000 C and ingots for 12A were 
cast. 
Table 6.12 Composition of CaSi64 
Composition (%) of CaSi64 Size 
AI C Ca Mg Si Wire diameter (mm) 9 
<2.0 <0.5 64 <1.0 30 Casing (mm) 0.4 
No.11 Melt 
Injection of CaSi cored wire with 64%Ca and 30%Si into the melt was further 
investigated. Charge, elements and alloys added are shown in table 6.2. Cored 
wire with 140 gram of CaSi was injected into the liquid steel. The injection 
temperature was about 1550oC. It was observed that the reaction of the CaSi with 
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steel was violent due to the higher calcium content of this wire. Ingots for 11 A 
were cast. 
No.9 and 10 Melts 
The purpose of these two melts was to produce 708 M40 nitriding steel 
without adding any CaSi so that steel with unmodified inclusions was obtained, 
in order to compare the fatigue properties of this steel with a similar steel 
containing modified non-metallic inclusions 
Charge, elements and alloys added are shown in table 6.2. 
Ingots from these melts were named to 9A and 10A respectively. 
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CHAPTER 7 
Analysis of Experimental Steels and 
Examination of Non-Metallic Inclusions 
7.1 Chemical Analysis 
All samples from the eleven experimental melts were sent to Pacific Steel 
Limited for analysis of chemical composition by optical emission spectrometer 
and the average compositions are shown in table 7.1. Because Pacific Steel had 
no standard for high aluminium steel in their spectrometer, the aluminium content 
in ingots 1A-1D, from No.1 melt, was given as "more than 0.11%". In fact the 
aluminium content should be 0.9-1.10% based on the amount of aluminium 
added. 
The calcium content was not shown in the chemical composition of any 
samples, even though a larger amount of CaSi cored wire was added in some 
melts. This is because of the absence of a calcium standard in the spectrometer. 
In NO.3 melt, only sample 3C was sent for analysis, since the other two ingots 
were too spongy (Because NO.3 melt was exposed to air for about 20 min at 
16500C without a slag cover, a large amount of gas entered the liquid steel and 
caused ingot porosity. However, when a certain amount of CaSi was added into 
the melt, the gas was probably removed from the liquid steel by the very violent 
reaction with liquid steel caused by the rapid vaporisation of the calcium, and a 
solid ingot, sample 3C, was obtained). 
7.2 Analysis of Non-Metallic Inclusions 
7.2.1 Experimental Procedure 
Samples for analysis of non-metallic inclusions were cut from every ingot, 
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mounted in conductive bakelite, ground and finally pOlished to a 1 micron finish. 
Non-metallic inclusions were analyzed by the scanning electron microscope. 
Table 7.1 Average composition for every sample 
No. C Mn Si S P AI Ni Cr Mo Cu Sn 
1A .45 .99 .45 .024 .024 .11 * .09 1.6 .24 .28 .042 
18 .44 1.05 .73 .026 .026 .11 * .08 1.5 .024 .34 .06 
1C .44 1.10 .86 .017 .025 .11 * .08 1.5 .24 .36 .067 
10 .45 1.11 1.04 .013 .026 .11 * .08 1.5 .23 .43 .08 
2A .36 .70 .05 .028 .022 - .09 .94 .208 .22 .021 
28 .35 .71 .15 .025 .022 - .09 .94 .197 .21 .02 
2C .35 .76 .22 .03 .023 - .08 .94 .216 .21 .02 
20 .35 .75 .42 .022 .022 - .08 .91 .201 .21 .02 
3C .24 .74 .33 .025 .02 .014 .08 1.0 .25 .27 .051 
4A .50 .89 .02 .02 .016 .02 .07 1.2 .26 .18 .018 
48 .47 .90 .16 .016 .017 .013 .08 1.19 .255 .19 .019 
4C .45 .91 .47 .012 .017 .02 .08 1.14 .251 .09 .018 
5A .08 .43 .29 .023 .02 - .10 .06 .012 .021 .021 
6A .43 .66 .27 .024 .025 .079 .08 1.16 .26 .23 .022 
68 .41 .72 .57 .019 .026 .068 .08 1.12 .25 .23 .022 
6C .40 .72 .95 .008 .025 .063 .08 1.04 .238 .22 .021 
7A .22 .35 .95 .007 .019 .11 .08 .06 .013 .21 .018 
* AI content is more than 0.11. 
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Table 7.1 (continue) 
No. C Mn Si S P AI Ni Cr Mo Cu Sn 
9A .46 1.01 .29 .026 .025 .059 .07 1.18 .224 .20 .02 
10A .39 .87 .19 .024 .026 .017 0.1 1.13 .212 .23 .022 
11A .37 1.07 .33 .015 .023 .01 .08 1.09 .212 .23 .018 
12A .46 1.06 .71 .021 .024 .015 .09 1.18 .218 .24 .018 
Table 7.2 Main Inclusion Types Found In Samples 
No. Common Types Shape Remarks 
18 CaO.AI20 3·(Ca.Mn)S * Spherical * Calcium aluminate and 
CaO.AI20 3 Spherical Calcium sulphide were 
AI20 3 Spherical intermixed. 
MnS Irregular 
10 CaO.AI20 3 Spherical Some of the CaS 
CaO.AI20 3·(Mn.Ca)S * Spherical contained small amount 
CaO.AI20 3·CaS * Spherical of Mn 
(Ca,Mn)S Elliptical 
28 MnS Irregular CaO.AI20 3·(Ca.Mn)S 
CaO.AI20 3 Spherical was not common, and 
CaO.AI20 3·(Ca.Mn)S * Irregular Ca content was very 
small. 
20 CaO.AI20 3 Spherical Calcium content was 
CaO.AI20 3·CaS * Spherical higher in CaO.AI20 3CaS. 
3C CaO.AI20 3·Si02 Spherical 
CaO.Al20 3 Spherical 
MnS Irregular 
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Table 7.2 (Continue) 
Samples Common Types Shape Remarks 
4A MnS Irregular 
AI20 3 Angular 
CaO.AI20 3 Spherical 
48 MnS Irregular 
(Ca.Mn)S Elliptical 
CaO.AI20 3 Spherical 
4C CaO.AI20 3·CaS * Elliptical 
CaO.AI20 3·(Ca.Mn)S.MgO * Spherical 
CaO.AI20 3 Spherical 
CaO.AI20 3·Si02 Spherical 
5A CaO.AI20 3·Si02 Spherical 
CaO.AI20 3 Spherical 
MnS Irregular 
6A MnS Irregular Ca content in 
(Ca.Mn)S Irregular (Ca.Mn)S was 
CaO.AI20 3 Spherical very small. 
68 (Ca.Mn)S Irregular 
CaO.AI20 3·(Ca.Mn)S * Elliptical 
CaO.AI20 3 Spherical 
6C CaO.AI20 3·(Ca.Mn)S * Spherical Si02 was not very 
CaO.AI20 3·CaS * Spherical common. 
CaO.AI20 3·(Ca.Mn)S.MgO * Spherical 
CaO.AI20 3 Spherical 
Si02 Angular 
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Table 7.2 (continue) 
Samples Common Types Shape Remarks 
7A CaS Elliptical 
CaO.AI20 3 Spherical 
CaO.AI20 3·CaS * Spherical 
9A MnS Irregular 
AI20 3 Angular 
10A MnS Irregular 
AI20 3 Angular 
Si02 Angular 
11A CaO.AI20 3 Spherical 
CaO.AI20 3·Si02·CaS Spherical 
CaO.AI20 3.Si02• (Ca. Mn)S Spherical 
CaS Irregular 
Si02 Angular 
Some typical inclusion compositions were obtained as graphs of the X-ray 
spectra from the electron microscope energy dispersive X-ray analysis facility. 
and comparative measures of the quantities of the elements contained in these 
inclusions were given. 
Ingots 10A and 11 A were sent for forging. and the non-metallic inclusions were 
analyzed again after forging. 
7.2.2 Results of Analysis of Non-Metallic Inclusions 
Results ofthe scanning electron microscope analysis of non-metallic inclusions 
are shown in table 7.2. Only common types of inclusions are listed in the table. It 
was observed that the non-metallic inclusions in samples 9A and 10A were mainly 
MnS and A120 3• since no CaSi cored wire was injected. Typical MnS and AI20 3 
inclusions are shown in photos 7.1 and 7.2 respectively. 
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After a small amount of CaSi cored wire was added, AI20 3 was transformed 
to spherica'i CaO.AI20 3 or CaO.AI20 3.Si02 and CaO.AI20 3. (Ca. Mn)S inclusions. 
However some MnS inclusions remained in the steel, since the sulphur content 
Photo 7.1 MnS inclusion in 10A before forging. 
Photo 7.2 Typical alumina inclusion in 10A before forging. 
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was not very low. These types of inclusions were observed in samples 1 B, 2B, 
3C, 48, 5A, and BA. A typical spherical CaO.AI20 3 inclusions is shown in photo 
7.3. With increasing of the amounts CaSi cored wire added, MnS was fully 
modified to (Ca.Mn)S or CaS, according to amount the of CaSi added and more 
oxy-sulphide inclusions were formed in the liquid steel. This situation was found 
in samples 1 D. 4C, BC, 7 A,and 11A. 
It was observed that samples BC and 7 A had significantly lower sulphur 
contents than the other samples. 
7.3 Inclusions of Calcium Aluminate surrounded by Calcium 
Sulphides. 
Inclusions of types CaO.AI20 3.CaS or CaO.AI20 3(Ca.Mn)S were found in many 
samples, as shown in table 7.2. Since the size of these type of inclusion found 
were small, it was very difficult in most cases to distinguish calcium aluminate 
surrounded by calcium sulphide from calcium sulphides intermixed in calcium 
aluminate. However, some typical inclusions of calcium aluminate enveloped by 
CaS were found in sample 11A. This type of inclusion found in sample 11A is 
shown in photo 7.4, and figure 7.1 gives the composition of the centre-phase, 
and figure 7.2 gives the composition of the outer phase. It is shown that the 
centre-phase is mainly composed of CaO-AI20 3, and the outer phase is rich in 
CaS. 
7.4 Control of Inclusion Shape and Composition by Calcium 
Addition 
Inclusions in sample 10A analyzed by the scanning electron microscope were 
mainly irregularly shaped MnS and clusters of A120 3. However after adding CaSi 
cored wire, oxide inclusions were transformed to globular CaO.AI20 3 type, and 
sulphide inclusions were mainly CaS and CaS intermixed in CaO.AI20 3, or 
deposited peripherally around them. These modified inclusions have different 
characteristic from unmodified inclusions. 
Inclusion shapes in sample 10A and 11A are shown in photos 7.5 and 7.B 
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respectively, after the ingots were forged. It was observed that the MnS inclusions 
in sample 10A were elongated because of their high deformability index, but 
spherical CaO.AI20 3 and CaO.AI20 3,CaS types of inclusions retained their original 
shapes, which shows their deformability index is nearly zero. 
Photo 7.3 Typical spherical CaO-AI20 3 inclusions in 68. 
Photo 7.4 Duplex oxysulphide inclusion in 11A. 
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1 I 
PJ 51 S CaCa Fe Fe 
Figure 7.1 Composition of centre-phase of inclusion in photo 7-4. 
l 
PJ 51 S CaCa Fe Fe 
Figure 7.2 Composition of outer phase of inclusion in photo 7-4. 
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Photo 7.5 Inclusion shapes in sample 10A after forging. 114m 
Photo 7.6 Inolusion shapes in sample 11A after forgring. 114m 
-
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Some elongated elliptical inclusions of Si02 were found in both samples, 
indicating that Si02 was deformable. This deformable Si02 is probably cristobalite, 
which has a slight plasticity at steel hot-working temperatures, whereas other 
modifications of Si02 are brittle, with zero deformability index throughout the 
whole temperature range of interest[20]. 
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CHAPTER 8 
Fatigue Testing: 
Experimental Procedure and Results 
8.1 Introduction 
Specimens for fatigue testing were produced from ingots 10A and 11 A and 
were nitrided. Direct stress fatigue testing was carried out using an Amsler 
Vibrophore. S-N curves for materials 10A and 11A were plotted in order to 
compare their fatigue properties. The inclusions which caused fatigue crack 
initiation were analyzed using a scanning electron microscope with energy 
dispersive X-ray analysis in order to study (1) which types of inclusions were 
more detrimental to the fatigue properties of steel and (2) the effects of duplex 
oxysulphide inclusions on the fatigue properties of steel. 
8.2 Experimental Procedure 
8.2.1 Specimen Preparation 
The ingots of initial size approximate SOxSOmm were forged to 1Smm diameter 
rod. The forging temperature was at about 10S0oC. 
The procedure for manufacture of the fatigue specimens is shown in figure 8.1. 
After forging the rods were normalized at 87SoC for about 20 minutes in order 
to refine the forged grain size, remove the differences in grain size found in 
forged sections, obtain a uniform structure and reduce distortion due to later 
quenching and tempering. 
The rods were turned to 12mm diameter and hardened and tempered. They 
were heated to 860°C, held for 2S min followed by oil quenching, and tempering 
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at 630°C, for 60 minutes and cooled in air. A more ductile structure in the steel 
is obtained due to a high tempering temperature, so that after nitriding, superior 
mechanical properties of the steel can be obtained resulting from high hardness 
and strength in the case and good ductility in the core. The microstructure was 
tempered martensite which is form by the gradual breakdown of martensite 
during tempering at high temperature resulting in a uniform distribution of minute 
particles of carbide in a matrix of ferrite. The microstructures for specimens, 10A 
and 11A, are shown in photos 8.1 and 8.2 respectively. It is observed that the 
microstructures are almost identical. 
FORGING 
I 
NORMALIZING 
I 
ROUGH TURNINGI 
I 
QUENCHING AND TEMPERI NG 
I I TURNI NG I 
I I GRI NDI NG I 
I 
IpOLISHINGI 
I 
I REMOVING-GREASE CLEANING I 
I 
NITRIDING 
Figure 8.1 Procedure for fatigue specimens 10A and 11A. 
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Photo 8.1 The microstructure for specimens 10A 1/Lm 
-
Photo 8.2 The microstructure for specimens 11 A 
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Figure 8.2 Dimensions of specimen and modified specimen for fatigue testing 
During hardening and tempering, rods forged from ingots 10A and 11A were 
always kept at random positions in the furnace in order to balance any effect of 
temperature differences. 
Specimens were turned and ground to the dimensions which are shown in 
figure 8.2. The test pieces were then polished before they were nitrided. The 
polishing was in a longitudinal direction using 800 grade waterproof silicon 
carbide paper and circumferential scratches were totally removed by final 
polishing. 
The specimens were cleaned by ultrasonic cleaning in "turgin" agent after 
polishing, so that grease on the specimen surface, which is detrimental to 
nitriding, could be removed. 
Specimens produced from 10A and 11 A ingots were then nitrided at 500°C for 
4 hours and they also were randomly placed in the furnace. 
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8.2.2 Fatigue Testing 
Direct stress fatigue testing was carried out using an Amsler Vibrophore at a 
frequency of about 200 hertz. Since the Smm diameter specimens broke in the 
threaded portion, these specimens were modified to 4mm diameter, of the 
dimensions shown in figure 8.2. This completely removed the nitrided case along 
the gauge length of the specimens. The specimens were polished and cleaned 
again and nitrided at SOO°C for 16 hours. 
A special specimen was made on to which four strain gauges were attached 
at 90° to each other so that the alignment of the direct stress machine could be 
checked. This specimen was inserted in the Amsler Vibrophore, increasing tensile 
loads were applied to it and the strains were recorded by the four strain gauges. 
The machine alignment was set as accurately as possible, so that the readings 
shown by the four gauges did not vary by more than 6.4% from one another. 
Direct stress fatigue testing for the modified specimens was carried out using 
the Amsler Vibrophore. 
8.2.3 Assessment of Non-Metallic Inclusions 
The non-metallic inclusion assessment in specimens 10A and 11 A was 
determined by a microscopic method according to ASTM standard E4S: Method 
D, which is designed for application to steels with low inclusion contents. 
[Method D is as follow: The samples are cut from the ingots and the polished 
surface should be parallel to the longitudinal axis of the product. The samples are 
ground and polished. Final polished surface is free of artifacts such as pitting, 
foreign material (for example, polishing media), and scratches. The entire surface 
of the polished sample is surveyed at a magnification of 100x with a field area on 
the sample of O.SO mm2 (a circle of 0.8mm diameter) and then each field of the 
sample is compared with the fields of plate III, which also have areas of 0.SOmm2. 
The inclusion rating shown at the left of Plate III for each inclusion type A, B, C 
and D (Type A is oxide inclusions, type B is sulphide inclusions, type C is silicate 
and type D is globular inclusions), that appears most like the field under 
observation, for both the thin and heavy series is recorded. This is done each 
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field containing inclusions equivalent to or greater than the base or 1/2 series. If 
some inclusions larger than these displayed on Plate III are found, they are 
recorded separately, and if the widths or diameter are greater than the limiting 
values shown on Plate III, these are also recorded separately.] 
Nine samples each from 10A and 11A were produced, parallel to the forging 
direction. The polished surface of each sample was approximately 140mm2 and 
the main aim for this test was to compare the inclusion contents of specimens 
from ingots 10A and 11 A. 
Each specimen was examined over the surface (140mm2) at 100x 
magnification with a field area of 0.50mm2 . About 204 fields were observed for 
each specimen.The results for inclusion assessment in specimens 10A and 11A 
are shown in tables 8.1 and 8.2 respectively. 
Table 8.1 Inclusion assessment in specimens 10A 
Average number of fields of nine specimens 
Inclusion Type-A Type-B Type-C Type-D 
Rating No. Thin Heavy Thin Heavy Thin Heavy Thin Heavy 
0.5 77 7.5 41.5 18.3 3.6 0.5 8.9 0.6 
1.0 29.4 2.4 26.4 4.6 1.1 0 2.0 ".1 
1.5 9.5 0.8 9.1 2.0 0 0 0.3 0 
2.0 1.1 0 5.6 0.1 0 0 0 0 
2.5 0.1 0 0.8 0 0 0 0 0 
Remark, Eleven fields O.076mm long by about O.025mm wide, three fields O.17Smm long by 
about O.025mm wide and one field O.30Smm long by about O.02Smm wide of type-B; 
One field O.SOSmm long by about O.02Smm wide and two fields O.17Smm long by about 
O.02Smm wide of type-C. 
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Table 8.2 Inclusion assessment in specimens 11 A 
I 
i 
Average number of fields of nine specimens 
Inclusion Type-A Type-B Type-C Type-D I 
Rating No. Thin Heavy Thin Heavy Thin Heavy Jhin Heavy 
0.5 a a 7.8 0.4 8.0 0.9 60.3 28.9 
1.0 a a 3.9 a 1.4 0.3 40.5 4.3 
1.5 a a 1.1 a 0.2 a 11 0.4 
2.0 a a a a a a 0.9 0.1 
2.5 a a a a a a a a 
Remark, Several type-D, globular,inclusions with about O.025mm-O.038mm diameter were found 
in some fields; Six fields O.178mm long by O.025mm wide and one field O.305mm long 
by O.025mm wide of type-C, silicate inclusion. 
It was observed that the incidence of type-A sulphide and type-B alumina 
inclusions were high in specimens 10A, and almost absent in specimens 11 A. 
Conversely, the incidence of type-D globular inclusions was very low in 
specimens 10A, and much higher in specimens 11A. 
The large inclusions which caused fatigue crack initiation in both specimens, 
10A and 11 A, were not found by the non-metallic inclusion assessment using this 
method. This probably indicates that (1) inclusions of this size are present in the 
steel in very small numbers; (2) the microscopic method used to determine the 
size, distribution and number of inclusion in the steel is not a complete 
metal/ographic study of the inclusions. The results obtained by a microscopic 
examination of the inclusions are a statistical sample, and may not show up 
inclusions which are present in small numbers. 
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Figure 8.3 S-N Curves 
8.3 Results 
8.3.1 Fatigue Testing Results 
The S-N curves obtained with zero applied mean stress are shown is fig. 8.3 
for 4mm diameter nitrided specimens. Larger loads for higher stresses could not 
be applied due to fatigue test machine limitations, so that only lower stresses and 
higher cycles were plotted in the curves. The core hardness for all specimens 
were checked using a Vickers Pyramid Hardness Testing Machine after fatigue 
testing. Only those specimens with HV 309-317 were used in plotting the S-N 
curves. 
8.3.2 Examination of Fracture Surfaces 
Analysis of the fatigue fracture surfaces was carried out using the scanning 
electron microscope in the Mechanical Engineering Department. 
Typical fatigue fracture surfaces for specimens 10A and 11A are shown in 
Photos 8.3 and 8.4 respectively. It is observed that the fatigue surfaces for both 
are nearly the same. 
Analysis of all fracture surfaces showed that all fatigue cracks initiated from 
within the core and the fatigue crack zone is approximately circular. The final 
fracture had fibrous appearance, indicating final failure was by ductile fracture. 
8.3.3 The Inclusions Which Caused Fatigue Crack Initiations 
The fracture surfaces of all specimens were examined after fatigue testing by 
the scanning electron microscope and it was found that the fatigue cracks almost 
always initiated from a single non-metallic inclusion. 
The compositions of inclusions which caused fatigue crack initiations in 
specimens 10A and 11A are shown in table 8.3. 
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Photo 8.3 Typical fracture surface for specimens 10A. 1mm 
Photo 8.4 Typical fracture surface for specimens 11 A. 1mm 
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Table 8.3 Composition of Inclusions from which fatigue cracks initiated 
No. Inclusion Composition Remark 
10A A120 3-Si02 very common 
AI20 3 very common 
AI20 3-Si02-MgO-MnO 
11A CaO-AI20 3-Si02 very common 
CaO-AI20 3 very common 
CaO-AI20 3-Si02-MgO 
The inclusions which caused the fatigue crack initiations in specimens 
produced from ingots 10A mainly contained AI20 3 or A120 3-Si02 and some 
contained a very small amount of MnO and MgO. Since the pure MnO phase is 
uncommon in steel[10], it probably existed as MnO-AI20 3, that is a Galaxite, 
which is a quite common inclusion type in steel. MgO can either form MgO or 
MgO-AI20 3 in steel. Kiessling[10] shows that A120 3-Si02 can not dissolve MgO, 
therefore, MgO, and MgO in MgO-AI20 3, may deposit on the surface of A120 3-
Si02· 
Some crack initiating inclusions which were nearly pure AI20 3 were found in 
the specimens. They formed a string, and each inclusion was angular in shape 
as shown in photo 8.5. 
No sulphide inclusions were found among these inclusions and the sulphur 
content is almost negligible in the crack initiating inclusions in specimens 10A. 
The inclusions which caused fatigue crack initiations in specimens produced 
from ingot 11A were mainly CaO-AI20 3 or CaO-AI20 3-Si02 type inclusions. A few 
of them also contained very small amount of MgO and MnO. The above-
inclusions were generally larger than those which initiated cracks in specimens 
from ingots 10A and were of spherical shape, see photo 8.6. It was observed that 
most initiating inclusions debonded from the matrix, and some were also 
damaged, which is also shown in photo 8.6. 
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Photo 8.5 Typical initiating inclusion in 10A. 
Photo 8.6 Typical initiating inclusion in 11 A. 
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No inclusions with a peripheral sulphide layer were found to have caused 
fatigue crack initiation although a few initiating inclusions in specimens 11 A 
contained a very small amount of sulphur. 
The size distribution of initiating inclusions in 10A and 11A is shown in fig.8.4. 
It is observed that the size of initiating inclusions in 11 A is significantly larger on 
average than in 10A. Mean sizes and standard deviations for initiating inclusions 
in 10A and 11 A are 46.1J-'m, 13.6J-'m and 59.6J-'m, 12.8J-'m respectively. 
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Figure 8.4 Frequency distribution of inclusion sizes for fatigue 
crack initiations in samples 10A and 11 A 
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Analysis showed that some initiating inclusions in both types of specimens 
contained a very small amount of MgO. Since no MgO was added into the melts 
during steelmaking, MgO in the inclusions must have come from the refractory 
material, which is rich in MgO. 
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CHAPTER 9 
Discussion 
9.1 Influence of Melt Temperature on Calcium Injection Yield 
Calcium injection yield is usually very low in the steelmaking process, 
especially in small furnaces. One effective method of increasing calcium injection 
yield in full scale practice is to inject the calcium alloy deeply into the melt, but 
this is impossible to realize in a small furnace. 
Since desulphurization and modification of non-metallic inclusions are 
dominated by calcium, it is very important to investigate how calcium injection 
yield can be improved so that more calcium is used to modify non-metallic 
inclusions in the melt, rather than being lost by vaporization. 
Several methods of adding CaSi were investigated in the small furnace, 
namely: (1) The use of different cored wire sheaths; (2) various calcium contents 
in CaSi were used; (3) the addition of CaSi at different temperatures. 
No obvious effect on calcium injection yield of using different cored wire 
sheaths was observed, and the reaction between calcium and liquid steel was 
equally violent when CaSi cored wire with a thick or thin sheath was added into 
the melt. 
It was also observed that, compared with adding CaSi with a low calcium 
content, the reaction between CaSi and molten steel was more violent when CaSi 
with a high calcium content was added into the liquid steel. 
Addition of CaSi cored wire at different temperatures was investigated, and it 
was found that addition of CaSi at a lower temperature was favourable to 
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calcium injection yield in small furnaces, and it was also observed that the 
reaction with liquid steel was less violent, when CaSi cored wire was added into 
the melt at lower temperature than at higher temperature. 
Because Pacific Steel was unable to analyze calcium in any samples, it is 
impossible to know directly which melt had the higher calcium injection yield 
according to the chemical compositions. However since the level of 
desulphurization in steel is mainly controlled by calcium added in the melt, the 
sulphur content in the samples can probably be used to estimate qualitatively the 
level of calcium injection yield. The levels of desulphurization attained by adding 
CaSi cored wire in some melts at different temperatures are graphed in figure 9.1. 
Calcium solubility is very low in liquid steel, and the very small amount calcium 
which diffuses into the liquid steel is almost instantaneously consumed by 
reaction with sulphur and non-metallic inclusions[56]. Plant data[31] also 
indicated that negligible calcium remains in liquid steel, after the addition of 
calcium is made. It is therefore supposed that the calcium content in liquid steel 
is zero before each addition of CaSi cored wire, although a very small amount 
calcium is present in the inclusions. 
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Figure 9.2 Calcium reaction mechanism in small furnace. 
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According to the calcium reaction mechanism for a small furnace proposed by 
Lu, et al[56] (whose diagram is presented as figure 9.2), a small amount of 
calcium will dissolve through the cavity interface (see fig.9.2) into the liquid steel, 
and only this calcium can be used to desulphurize and deoxidize, or modify non-
metallic inclusions. Consequently, most of the calcium escapes into the freeboard 
region. 
In the experiments, [0] content was thought to be very low in all melts except 
No.3 melt, because aluminium was added as a deoxidizer before adding CaSi. 
Thus it is considered that dissolved calcium in the liquid steel was mainly 
consumed in reaction with sulphur. Lu et al [56], when studying the relationship 
between calcium feed rate and the rate constant for calcium absorption, 
elimination and desulphurization, found that rate constants for calcium absorption 
and desulphurization are nearly equal, which is shown in figure 9.3. Thus, if the 
oxygen activity in liquid steel is low, calcium injection yield is proportional to E, 
where E can be expressed as 
E- %S-%S;nitlal 
%Casdded 
(9-1) 
where E is level of desulphurization per unit weight of calcium added. 
In figure 9.1, since E is higher when CaSi is added at lower temperature, 
calcium injection yield is thought to be higher at lower temperature. 
This is probably attributable to the change of calcium vapour pressure with 
temperature. One of the main influences on calcium yield is calcium vapour 
pressure, and lower calcium vapour pressure is favourable to increased calcium 
injection yield in the steelmaking process. 
The plot of vapour pressure for pure calcium versus temperature is shown in 
figure 9.4[103]. This indicates that calcium vapour pressure decreases with 
decreasing temperature. Calcium vapour pressure is approximately between 1.4 
and 2.3 atmospheres at temperatures between 1550 and 1650oC. At 1550oC, the 
vapour pressure for pure calcium is about 1.4 atmosphere and the vaporization 
of calcium may be suppressed by the hydrostatic head at about 0.55 meter below 
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the liquid steel surface. On the other hand, it is reported[55] that the combination 
of calcium with silicon produces a lower vapour pressure than that of calcium 
alone in the liquid steel. Although data of vapour pressure of calcium combined 
with silicon has not been reported so far, its vapour pressure is at least less than 
1.4 atmosphere at 1550°C. 
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Figure 9.3 The apparent rate constants for calcium absorption, K1, and calcium 
elimination, K2, and desulphurization, K3, as a function of the calcium feed rate. 
It is considered that the vaporization of calcium at 15500 C can probably be 
suppressed by the hydrostatic head at the bottom of a small furnace. It was 
observed that the reaction was relatively gentle during CaSi cored wire injection 
at 15500 C in these experiments, which indicated that the vapour pressure of 
calcium combined with silicon at 15500 C is not high (near the ambient pressure). 
Thus calcium injection yield can be improved at lower injection temperature 
rather than at higher temperature, and desulphurization and modification of non-
metallic inclusions by adding CaSi at about 15500 C are more effectively achieved 
in a small furnace. 
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9.2 Desulphurization by AI20 a-CaO-Si02 System Slag 
Desulphurization by AI20 3-CaO-Si02 basic slag was investigated in No.3 and 
No.4 melts. The sulphur content in 4A was 0.02%, see table 7.1, and if the initial 
sulphur content in the stock was 0.028% (the initial sulphur content was not 
measured, and the above-data is according to previous melt results). The basic 
slag AI20 3-CaO-Si02, removed 0.008%S. The slag melted slowly, and the reaction 
between liquid steel and slag lasted only about 20 min, as described in Chapter 
6. 
The general form of the desulphurizing equation is 
(0.2) + [S] ... (S·2) + [0] (9-2) 
and a common way of expressing the sulphur capacity C's of a slag is 
C's=a[O](%S)/[%S] (9-3) 
Sulphide capacities in the CaO-AI20 3-Si02 system at 1650
0 C are shown in 
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Figure 9.6 Activity of Si02 a(Si02) in AI20 3-CaO-Si02 system 
at 1600oC; a(Si02) values in wt-%. 
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fig.3.1. It is indicated, from equation (9-3), that for a given sulphide, the sulphur 
partition coefficient ~ = (%S) / [%S] depends critically on the level of deoxidation 
of the liquid steel. In No.4 melt, some aluminium was added into the melt before 
the addition of materials slagged in order to decreased [0] activity. So [0] activity 
in the melt was probably very low, but was not measured. 
Activities of CaOa(Cao) and AI20 3a(AI203), and Si02a(Si02) in AI20 3-CaO-Si02 
ternary phase-diagrams are shown in fig 9-5 and 9-6[31] respectively, and it is 
evident that, if the activities of both alumina and silica are lower, higher capacities 
can be obtained. 
In No.4 melt, the starting chemical composition of the slag is shown in table 
6.6. Since both AI20 3 and Si02 contents are lower, the sulphide capacity of this 
slag should be higher. A small amount of MgO was added in this experiment in 
order to increase slag fluidity. Also the iron oxide content of the added slag was 
known to be very low. 
The strong stirring caused by electromagnetic induction can improve slag-
metal mixing, which is another prerequisite for effective desulphurization by A120 3-
CaO-Si02 slag. It was observed that the bath was stirred very intensely in the 
experiment, and it is supposed that good slag and metal mixing was achieved in 
No.4 melt. 
Thus it is thought that desulphurization by AI20 3-CaO-Si02 basic slag is very 
effective in a small induction furnace, and very low sulphur content can be 
obtained, if the slag is completely melted and the holding time was more that 20 
min. (Since the lining of the induction furnace was broken just before No.3 and 
No.4 melts, holding time after adding CaO, A120 3, Si02 and MgO at 1650°C was 
limited to 20 min to prevent lining damage again). 
9.3 Effect of Inclusions in Calcium Treated Steel on Fatigue 
Properties. 
It is known that the level of detrimental effect of non-metallic inclusions on the 
fatigue properties of steels varies according to the types of inclusions. 
Inclusions modified by calcium were reviewed in Chapter 3. According to the 
results of the experiments, AI20 3 inclusions will be first modified to calcium 
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aluminate or calcium alumina silicate inclusions after CaSi is added to the liquid 
steel. It was shown that most of alumina inclusions were modified to calcium 
aluminate by adding a small amount of CaSi, whereas some MnS inclusions still 
remained in the steel, see samples 1 B, 4B and 6C in table 7.2. Another 
investigation[101] on the influence of calcium in modification of inclusions 
indicated that relatively low levels of calcium are needed for efficient alumina 
modification and figure 9.7 shows, that if the aluminium content is relatively low 
in liquid steel, only a small amount of calcium is required to modify alumina 
inclusions to globular calcium aluminate inclusions[85]. 
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Figure 9.7 Influence of calcium on the composition 
of the inclusions. 
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Calcium aluminate inclusions remaining in liquid steel can form either duplex 
oxysulphide or remain as xCaO.yAI20 3 until solidification of the steel, although 
most of them will be removed from the liquid steel. Some duplex oxysulphide 
inclusions were found in ingots 11A, see figure 7.5 and 7.6. This indicates that 
some calcium aluminate inclusions in 11 A were further modified to duplex 
oxysulphide inclusions. Also some calcium aluminate and calcium aluminium 
silicate inclusions still remained in the steel. 
Analysis by the scanning electron microscope with energy dispersive X-ray 
analysis showed that all the inclusions which caused fatigue crack initiations in 
11 A were calcium aluminate and calcium alumina silicate inclusions. A typical 
inclusion which initiated fatigue cracking in 11 A is shown in photo 9.1 and its 
composition was mainly calcium, aluminium and a small amount of silicon. It was 
observed that the inclusion was large (about 81IJ.m diameter), debonded from the 
matrix and damaged. A small inclusion (about 5IJ.m diameter) near the initiation 
area in the photo is also a globular calcium aluminate inclusion. It is considered 
that fatigue cracks often initiated from this type of inclusion because some of 
them are large and they have a low expansion coefficient which cause very 
deleterious tensile tessellated stresses around them. 
Thus it is thought that calcium aluminate inclusions have a very deleterious 
influence on fatigue properties, and fatigue crack initiation is very often associated 
with this type of inclusion. 
Analysis shows that most inclusion diameters which caused fatigue crack 
initiations in 11 A are between 50-80 IJ.m. This probably indicates that calcium 
aluminate inclusion easily undergo coalescence. 
According to Stokes' law, the floating velocity of an inclusion should be as 
follows: 
(9-4) 
where, Pm=7.1 g.cm-3, Ps =3.02 g.cm-3[10] (since it is difficult to determine 
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the exact composition of calcium aluminate inclusion, a mean Ps for CaO-AI20 3 
is used), gravitational constant g of 980 cm-s-2 and a liquid steel viscosity T7 of 
0.065 poise at 1550°C[97]. 
Photo 9.1 Typical calcium aluminate inclusion which initiated 
fatigue crack in 11 A. 10JLm 
-
The floating velocity of an inclusion of 50 J..Lm diameter is about 0.855 cm-s-1 
according to equation (9-3). 
84 
Since the depth of the melt in the experiments is only about 15 cm, inclusions 
of this size should not exist in the liquid steel, if Stokes' law is strictly valid. 
However, most of the inclusions which caused fatigue crack initiation in ingot 11A 
are about 50 tLm diameter, and some even more than 50 tLm, indicating that the 
floating velocity of an inclusion doesn't strictly obey Stokes' low, and some other 
factors affect the floating of inclusions. 
On the other hand, since the experiments were carried out using the induction 
furnace, the floating-up rate of inclusions should be increased, due to bath-
stirring[40,95]. 
Some researchers [41 ,94] have shown that the rate of elimination for inclusions 
of different types is different. For example alumina inclusions easily precipitate in 
the bath and float out quickly from the melt[99,100]. 
Since some types of calcium aluminate inclusions are in the liquid state at 
steelmaking temperature, these inclusions can easily coalesce and grow to form 
large particles. The influence on inclusion size of different AI20 3:CaO ratios is 
shown in figure 9.8[104]. It indicates that particle size decreases with increasing 
AI20 3:CaO ratio in the calcium aluminates. A report by Tivelius[23] shows a 
similar result. It can be assumed that most of this type of inclusion is removed, 
but some large inclusions are still entrapped in the steel. The reason why large 
inclusions remain in the liquid steel is not known at present. Maybe they could 
have been late-forming reaction products which had not had a chance to escape 
from the steel before becoming entrapped at the rapidly-advancing ingot 
solidification front. 
Since no duplex oxysulphide inclusions were found among inclusions which 
caused fatigue cracks, according to analysis (although they exist in 11A), it is 
inferred that this type of inclusion is less detrimental to fatigue properties of steel 
than calcium aluminate alone. 
Analysis shows that only a few inclusions, which initiated fatigue cracks in 
specimens 11A, contained a very small amount of sulphur, although many 
oxysulphide inclusions in which calcium sulphide was intermixed were found in 
specimens 11 A. This probably indicates that the detrimental effect caused by the 
inclusions on the fatigue properties of steel are decreased if the inclusions 
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contain a certain amount of sulphur. 
The inclusions which initiated the fatigue cracks in 1 GA were mainly alumina, 
which were usually of small size. Alumina has a higher thermal expansion 
coefficient than calcium aluminate. Thus alumina inclusions are probably less 
harmful to fatigue properties than calcium aluminate inclusions. 
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Figure 9.8 Relationship between size and AI20 3:CaO ratio of calcium aluminates. 
According to the results, it can be considered that since large calcium 
aluminate or calcium alumina silicate inclusions were present in cast 11A, the 
fatigue cracks were more easily initiated from them in 11 A than from the alumina 
inclusions in 1 GA. 
9.4 The Role of Inclusions in Fatigue Crack Initiation 
Since a high strength case with an associated compressive residual stress is 
obtained by nitriding, all fatigue cracks are initiated from the subsurface, whereas 
fatigue cracks in steel without case hardening are almost always initiated at the 
surface [3,4,81 ,82]. 
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Analysis by the scanning electron microscope showed that nearly all fatigue 
cracks in specimens 10A and 11 A initiated from inclusions in the core. Further 
analysis indicated that fatigue crack initiation in 11 A always occurred at single 
inclusions and in 10A mainly occurred at single alumina inclusions for lifetimes of 
more than 5x105 cycles. 
In nitrided steels there is a tensile residual stress acting on the core to balance 
the compressive residual stress in the case. In addition both calcium aluminate 
and alumina inclusions are surrounded by tensile tessellated stresses. These 
factors combine to produce crack initiation from inclusions in the core. 
It was observed that all inclusions which caused fatigue crack initiation were 
debonded from the matrix at the fracture surface, and most of them were fatigue-
damaged. Some inclusions were broken into two parts which existed in the 
separate halves of the specimens. The latter probably indicates that these 
inclusions were not completely debonded from the surrounding metal matrix, 
although they were de bonded in the equatorial section (normal to the tensile 
axis). 
Non-metallic inclusions in specimens 10A and 11 A were analyzed by scanning 
electron microscope before fatigue testing and the results showed that these 
inclusions were completely bonded, whether non-metallic inclusions were calcium 
aluminate in 11 A, or alumina in 10A. This indicates that debonding and inclusion 
damage were not because of forging but occurred as a result of the fatigue. 
It can be inferred that since the inclusions were debonded from the matrix by 
high local stresses the tensile residual stress around them is partly or totally 
removed. Thus the inclusion behaves like a void, or a notch after it is debonded, 
and a high stress concentration around the debonded inclusion may cause 
fatigue crack initiation with further load cycling. 
Since most of the inclusions were damaged or broken, it can be inferred that 
these inclusions have worse fatigue properties than the metal matrix or had 
undergone brittle fracture. Analysis by scanning electron microscope showed 
these inclusions were of CaO-AI20 s and CaO-AI20 s-Si02 in specimens 11A. 
It is considered that a fatigue crack must initiate from the region in which the 
inclusion and metal matrix are debonded, since all inclusions which caused 
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fatigue crack initiations were debonded in the fracture surface. In other words, 
fatigue crack initiation cannot occur in the region in which the inclusion and matrix 
are firmly bonded. Thus it is thought that the prerequisite for initiating fatigue 
cracks is that the inclusions are partly or completely de bonded from the metal 
matrix. This is similar to Eid's proposal[82] that the prerequisite for fatigue crack 
initiation under high-cycle conditions is hole formation caused by progressive 
debonding . 
Some inclusions were not damaged as fatigue cracks initiated from them , see 
photo 9.2. This indicates that undamaged inclusions can still cause fatigue crack 
initiation during fatigue service. 
Photo 9.2 an undamaged inclus on which initiated fatigue 
crack in 11 A. 10ILm 
Thus, it lis considered that debonding of an inclusion from its matrix is a very 
important step although lit is difficult to learn the details of crack nuc!leation at 
subsurface inclusions and inclusions within the core. Since calcium aluminate 
inclusions, which ihave associated high tensile residual stress fiel:ds, are present 
in specimens 11 A, it can be inferred that inclusion debonding in specimens 11 A 
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may occur at a lower applied stress amplitude than in specimens 10A. This 
probably leads to initiation of fatigue cracks at a lower stress amplitude and the 
observed lower fatigue strength of 11 A. 
No duplex oxysulphide inclusions or calcium sulphide intermixed with calcium 
aluminate inclusions were found among those inclusions which caused fatigue 
crack initiations. This probably indicates that the tendency for inclusions to 
debond from the matrix is reduced with increasing CaS or (Ca,Mn)S content in 
the inclusions. In other words, the probability of fatigue crack initiation at these 
inclusions will be decreased if a certain amount of CaS or (Ca,Mn)S is present 
in the inclusions. 
9.5 Mechanism of Formation of Duplex Oxysulphide 
Inclusions in Calcium Treated Steel 
The mechanism of formation of duplex oxysulphide inclusions is still not clear. 
Many reports[15, 16,31,49,59,65,66,67,68] show that this type of inclusion is found 
in steel, especially after CaSi-injection. In the experiments, duplex inclusions were 
found in sample 11 A after adding CaSi cored wire, but some large CaO-AI20 3, 
and CaO-AI20 3-Si02 inclusions were also present in the steel. These have a very 
deleterious effect on the fatigue properties of the steel, resulting in even worse 
fatigue properties of steel than in the case with no CaS i-injection , as shown in 
figure 8.1. Thus it is very important to know the mechanism of formation of duplex 
oxysulphide inclusions in liquid steel, if the fatigue properties of steel are to be 
further improved. 
Several ideas about the formation of this type of inclusion were reviewed in 
Chapter 3. Some studies[21,68] show the oxide inclusions surrounded by CaS 
being formed during the solidification of steel. Since calcium sulphide is 
distributed relatively uniformly on the outer surface of calcium aluminate in steel, 
Takenouchi et al[6~] assume that CaS deposited on the surface of oxide 
inclusions is probably formed by preCipitation from within the CaS-containing 
inclusions. 
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Some workers [68,71] investigated the solubility of CaS in CaO-AI20 s, (shown 
in figure 3.1), and reported that the formation mechanism of peripheral CaS on 
the oxide surface is one of precipitation of CaS from the CaO-AI20 s inclusions 
due to the solubility drop with reducing temperature. 
According to their results, if the inclusion diameter is, for example, 20J,£m, the 
outer phase, precipitated by a temperature fall from 15500 C to 1450oC, is about 
0.14J,£m skin of CaS, representing a 3.9% CaS content in CaO-AI20 S inclusion 
before cooling. 
However, the micrographs of duplex oxysulphide inclusions in many 
reports[5,12, 13, 15,68] show that the CaS-skin in duplex inclusions is not so thin. 
This probably indicates that the peripheral CaS does not only form by 
precipitation from within the CaS-containing inclusions. Therefore, it may be 
inferred that the deposition of small CaS inclusions, which are randomly 
distributed in liquid steel, and the reaction with sulphide on the surface of 
oxysulphide inclusion, are indispensable during the formation of duplex 
oxysulphide inclusions. In other words, it is inferred that the mechanism of 
formation of duplex oxysulphide inclusions is probably multiple. 
Because the level of tensile tessellated stress reduction caused by the CaS 
outer phase mainly depends on the thickness of the CaS phase, then if the CaS-
outer phase is, for example only 0.14J,£m, the beneficial influence of CaS on the 
stress-reduction must greatly decrease. The spherical duplex inclusion model is 
illustrated by figure 9.9[76]. It is thought that the sulphide shell, which has a high 
thermal expansion coefficient will resist transmission of stress to the matrix, from 
the oxide inclusion, which has a low thermal expansion coefficient. 
Calculations of stress-reduction have been made by Brooksbank et al [76] for 
this duplex inclusion using the above-model, in which the sulphide forms a 
separate shell between the oxide and matrix. These indicated that, compared with 
a 20 J,£m diameter-CaO.2AI20 s inclusion, the stress caused by a duplex 
oxysulphide inclusion decrease sharply, if a 16J,£m diameter, CaO-2AI20 s inclusion 
is enveloped by a 2J,£m thick calcium sulphide shell as shown in figure 9.10. 
However, if the CaS outer phase is only 0.14J,£m thick and the inner phase, 
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CaO.2AI20 3, is 19.72p.m diameter, calculation shows the stress-reduction caused 
by such a thin CaS case is very small , and may be almost neglected, as shown 
in figure 9.10 also(Calculation equation is shown in Appendix A.). 
Duplex oxide-sulphide inclusion 
Figure 9.9 The spherical duplex oxysulphide inclusion model. 
Therefore, according to the above calculation, the outer-phase, CaS or 
(Ca,Mn)S, must be sufficiently thick if the effects on fatigue properties of these 
duplex oxysulphide inclusions are to be less harmful or even harmless. 
It can be considered that several factors may influence the formation of duplex 
oxysulphide inclusions in the liquid steel. 
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Figure 9.10 Effect of calcium sulphide envelopes on the stress around an 
inclusion of CaO.2AI20 a. 
(1) Minute particle of CaS, randomly distributed in the liquid steel, may 
produce duplex oxysulphide inclusions by absorption on the surface of calcium 
aluminate inclusions which already exist in the liquid steel. 
It is also inferred that some calcium aluminate inclusions which are entrapped 
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by early solidification may also form with a CaS rim, since some fine CaS particles 
are absorbed on their surface. However, in contrast to CaS, MnS usually forms 
during solidification [1 0, 12,65], and, if calcium is absent or is present only in very 
small amounts in liquid steel, those calcium aluminate inclusions which are 
entrapped by early solidification may not form with a sulphide rim, since no 
minute particles of sulphide exist in the liquid steel. Thus duplex oxysulphide may 
only form during late-solidification in this situation. 
(2) A relative low cooling rate is probably favourable to the formation of duplex 
oxysulphide inclusions, because more time is available for the precipitation of CaS 
dissolved in the CaO-AI20 3 inclusions. For this reason, it can be inferred that 
duplex oxysulphide inclusions form more easily in full-scale practice than in a 
small furnace. 
In these experiments only 2.5kg or 3.5 kg ingots were cast, so that ingots 
were cooled very quickly and there was very little time for the precipitation of CaS 
from within calcium aluminate. 
9.6 The deformability of Duplex Oxysulphide Inclusions 
It is known that the calcium aluminate inclusions are very hard and 
undeformable. The results of these experiments also show that the spherical 
calcium aluminate inclusions in steel retain their shape during forging, see photo 
7.6. (Ca,Mn)S is less deformable than MnS, but it can still be deformed in heavy 
forging. 
The benefit of duplex oxysulphide inclusions is that the sulphide rim can 
reduce "Tessellated" stresses, which are very harmful to the fatigue properties of 
steel. However, if the thickness of the sulphide rim is reduced, or even totally 
removed in some places on the inclusion surface, especially in the equatorial 
region (normal to the forging direction), that is, rim deformation results from 
rolling or forging, the benefit of tessellated-stress reduction is lost. 
It is assumed (1), that the sulphide rim is mainly (Ca,Mn)S, which has some 
deformability, and ,(2), that the thickness of the duplex inclusion outer layer is 
small. The deformations of duplex oxysulphide, and completely non-plastic CaO-
AI20 3 inclusions, before and after rolling or forging, are shown in figure 9.11 [92]. 
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Since lengthening of the inclusions occurs mainly because of the interlocking 
bonds between the inclusions and the matrix, and the different plasticity of the 
steel and the inclusions tends to break the bonds, the breaking of the bonds will 
counteract the lengthening of the inclusions. 
Bafor .. 
Calcium 
alumincte 
After 
Th<j shope of calcium aluminate befor<j and oft<jr forging 
Bafore 
Calsium 
oluminate 
(Ca.t.AnlS 
After 
The shope of spherical duplex oxysulphida inclusion betor .. and ofter forging 
Direction of ingots moving 
Canicalgap 
Figure 9.11 Deformation of oxide and duplex oxysulphide 
inclusion before and after forging 
During the deformation of steel containing CaO-AI20 3 inclusions, total 
breaking of the bonds between the inclusion and the matrix takes place, since 
these inclusions are completely non-plastic. The inclusions retain their original 
shape, and conical gaps form after heavy rolling or forging. 
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During heavy forging or rolling of steel containing duplex oxysulphide 
inclusions, the central CaO-AI20 3 phases retains its spherical shape, and outer 
phase, (Ca,Mn)S may be slightly deformed. It could be inferred that the outer 
layer of an inclusion might lengthen in the direction of the metal flow, and the 
conical gap may be filled by this deformable (Ca,Mn)S phases. It is very difficult 
to determine the level of deformation of outer phases, (Ca,Mn)S, since the 
deformability of (Ca,Mn)S varies according to the calcium content in the (Ca,Mn)S 
phase. However, it can inferred that the outer phase, (Ca,Mn)S may lengthen and 
the thickness of the sulphide rim may be reduced, especially in the equatorial 
region (normal to forging or rolling direction), when steel is heavily rolled or 
forged. 
Since the sulphide rim in duplex inclusions is not thick, if the thickness of the 
sulphide rim is further reduced by heavy rolling or forging, the benefit of 
"tessellated" stress reduction will decrease greatly, as already discussed in 9.5. 
No obvious evidence was found in ingots 10A and 11A to show that conical 
gaps formed around inclusions during the forging. This may be because: (1), 
ingots 10A and 11A were not very heavily forged; (2), The conical gaps are more 
likely to form during the rolling rather than during the forging, and (3), although 
conical gaps form, they may be very narrow and very difficult to detect by a 
scanning electron microscope. 
Some duplex oxysulphide inclusions in sample 11 A after forging were analyzed 
by scanning electron microscope with energy dispersive X-ray analysis and one 
of them is shown in photo 9.3. Since the inclusion is small, it is very difficult to 
determine the change of sulphide rim thickness after forging. However, analysis 
shows that sulphur content was higher in area A than in other areas in photo 9.3. 
The compositions of area A and area B in photo 9.3 are shown in figure 9.12 and 
9.13 respectively. This probably indicates that the sulphide rim was changed by 
forging, and the lengthened outer layer was concentrated in area A. 
Since pure CaS is harder and less deformable than (Ca,Mn)S, if a pure CaS 
rim forms on the surface of an oxide inclusion, the reduction of sulphide rim 
thickness caused by forging or rolling may be much less than for (Ca,Mn)S. Thus 
the beneficial effect of duplex inclusions on reduction of "tessellated" stress may 
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still be retained after forging. 
I 
Photo 9.3 A duplex oxysul1phide inclusion after forging . 
Arrow shows the direction of forging . 
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Figure 9.12 Composition of area A of inclusion in photo 9.3. 
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Figure 9.13 Composition of area B of inclusion in photo 9.3. 
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CHAPTER 10 
Conclusions 
1. Fatigue properties of nitrided steel can not be improved if calcium aluminate 
inclusions exist in the steel after CaSi is added, and may even be worsened. 
Calcium aluminate and calcium aluminium silicate inclusions have a worse 
effect on the fatigue properties of steel than alumina inclusions. 
It is believed that duplex oxysulphide inclusions are less harmful to fatigue 
properties of steel than calcium aluminate and/or calcium aluminium silicate alone 
in steel. It is very interesting to note that all inclusions which initiated fatigue 
cracks contained no, or negligible sulphur. 
The results showed that some duplex oxysulphide inclusions formed in 
specimens 11 A when CaSi was added. However, some calcium aluminate 
inclusions also remained in the steel, and these probably governed the fatigue 
properties of the steel whether duplex oxysulphide inclusions were present in the 
steel or not. 
It is considered that calcium aluminate inclusions have a very deleterious 
influence on the fatigue properties, and fatigue crack initiation is always 
associated with this type of inclusion if they are present in steel. 
It is inferred that the fatigue properties of steel can be improved if all calcium 
aluminate inclusions, especially large ones, are modi'fied to duplex oxysulphide, 
or at least oxysulphide inclusions. 
2. Fatigue cracks in nitrided steel always initiated 'from inclusions within the 
core. For the upper-end of the intermediate-cycle and high-cycle ranges fatigue 
crack initiation in calcium treated steel always occurred at a single spherical 
calcium aluminate or calcium aluminium silicate inclusions, and in non-calcium 
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treated steel mainly occurred at a single alumina inclusion. 
The prerequisite for initiating fatigue cracks at the upper-end of the 
intermediate and high cycle range is that the inclusions are partly or completely 
debonded from the metal matrix. It was also shown that undamaged inclusions 
can still produce fatigue crack initiation during service. 
3. Calcium injection yield can be improved by a lower injection temperature. 
Desulphurization and modification of non-metallic inclusions by the addition of 
CaSi at about 15SOoC are effectively achieved in a small furnace. 
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1. Notation 
E=Young's modulus. 
v = Poisson's ratio. 
T=temperature change (increase is positive). 
R1 = radius of oxide core. 
R2 = radius of matrix. 
Rs = outer radius of sulphide envelope. 
d=R1/R2 (small). 
h = R1/Rs ( which approaches unity). 
X=thickness of sulphide layer (=Rs-R1) 
P A' = pressure in the oxide core. 
Subscript: 1 refers to the oxide core; 
s refers to the sulphide layer; 
2 refers to the matrix. 
k=E/(1 =2v) 
g=2E/(1 =v) 
a = mean linear coefficient of thermal expansion over the given temperature 
range. 
a R' = radial stress at matrix/inclusion interface in the matrix. 
ac' = circumferential stress at matrix/inclusion interface in the matrix. 
a R = radial stress. 
a c = circumferential stress. 
2 Stresses Around Duplex Oxide-Sulphide Inclusions 
Calculations have been made for the duplex inclusion using the spherical 
model shown in figure 9-9 in which the sulphide forms a separate shell between 
the oxide and matrix[76]. 
2.1 Stresses in Oxide Inclusions (O~R~R1) 
(A-1) 
2.2 Stresses in the Sulphide Layer (R1~R~R.) 
(A-2) 
(A-3) 
ii 
2.3 Stresses in the Matrix (R.~R~RJ 
(A-4) 
(A-5) 
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